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ABSTRACT SUMMARY 
The problem of slow sand filters in small community 
supplies (<2,000 population) are reviewed in detail. They 
have been addressed through pilot scale research and full 
scale construction and rehabilitation programmes in 4 
communities on the coast and highlands of Peru. 
The principal focus of this thesis is the technological 
aspect of treatment of turbid surface water in small 
communities. A combination of roughing gravel filtration 
and slow sand filtration has been applied to overcome this 
problem. 
Both the vertical down-flow roughing filter and the 
horizontal flow roughing filters have proven effective in 
the protection of slow sand filters from high solids 
loadings. The roughing filters were designed to treat 
turbidities of the order of 300 NTU, at which level both 
types achieved 90% removal. As a consequence the slow sand 
filters were able to produce water which complied with WHO 
guideline value (<5 NTU) on the majority of sampling 
occasions. Faecal Coliform removal was also monitored 
intensively and overall the full scale plants produced a 
95-99.9% reduction without recourse to terminal 
disinfection. Construction, operation and maintenance were 
evaluated. Particular attention was paid to the 
development and evaluation of hydraulic cleaning of 
roughing filters and recommendations for improving the 
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operation are discussed. 
Particulate matter characteristics and removal efficiencey 
performance have been evaluated through a particle analysis 
study. The presence of particulate organic matter in raw 
water sources and its removal in the roughing filters is 
demonstrated. This is of particular importance given that 
roughing filtration theory has been developed primarily 
using mineral suspensions. The potential role of organic 
matter and biological activity in the operation and 
maintenance of the roughing filters is discussed and 
further research recommended. 
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CHAPTER 1 
INTRODUCTION 
This thesis focuses on the problems of water treatment 
plants in small communities of developing countries. More 
specifically the work is concerned with more than 300 small 
slow sand filter (SSF) installations constructed in the 
rural areas of Peru since the 1960's. These plants have 
been shown to be incapable of performing adequately under 
the local conditions and circumstances of small communal 
societies. The problems of SSF in Perü are by no means 
unique; they are indicative of what occurs in many other 
developing countries. 
The numerous problems of SSF are reviewed in detail and 
addressed through pilot scale research and full scale 
construction and rehabilitation programmes. One aspect 
which is the principal focus of this thesis is the 
technological aspect of treatment of turbid surface water 
in small communities. A combination of roughing filtration 
and slow sand filtration has been applied to overcome this 
problem. The work of the past 6 years has demonstrated 
that this combination can be successfully applied to the 
recuperation of water treatment technology for small 
community supplies. 
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It is clear however that treatment should be avoided 
whenever possible, but some small and medium size 
communities have no alternative to a surface water source 
because of their geographic location or because of their 
size. Where the socio-economic and cultural development 
is adequate water treatment is a feasible, technical and 
economical solution; where these factors are inadequate the 
technology is doomed to failure. 
The technical means for recuperating SSF technology for 
small and medium size communities in Peru has been focused 
on the development and implementation of roughing 
filtration as a prerequisite for a more comprehensive 
strategy of community management of water supply. 
Within this broader framework, the objectives of the thesis 
have a narrower scope. It is postulated that if one of the 
fundamental problems of SSF in small community supplies is 
the seasonal high turbidities, a roughing pre-filtration 
stage will effectively protect and enable the more 
continuous and efficient operation of SSF; that this 
additional stage of treatment will be simple to operate and 
maintain, and that it will be effectively managed by 
relatively undeveloped rural communities under a variety of 
conditions. 
The research activities designed to meet these objectives 
have been developed during 6 years of work in the UK and in 
Peru. A timetable is presented in Table 1-1. 
-3- 
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A fundamental part of the research work was the author's 
participation in the Peruvian water quality surveillance 
programme, which allowed an accurate diagnostic of the key 
problems affecting water treatment plants and SSF in small 
community supplies in Peru. Key elements in the work also 
included: 
a) Pilot scale research on the treatment of high seasonal 
turbidities affecting SSF installations, which led to 
the adoption of roughing filtration technology. 
b) The design and construction of 4 full scale roughing 
filtration projects in diverse conditions. 
c) A3 year evaluation programme of the 4 projects. 
The Author has directed and/or participated in all the 
stages of the work detailed. This work however has been 
part of a collective effort. The entire programme has been 
funded by the British Government Overseas Development 
Administration, first through a Research and Development 
Contract and subsequently a Technical Cooperation 
Agreement. The work has directly involved the University 
of Surrey, the Sanitary and Environmental Engineering 
Divisions of the Peruvian Ministry of Health, the Delagua 
Organisation, the Robens Institute, and the Panamerican 
Centre for Sanitary Engineering and Environmental Sciences 
(CEPIS/PAHO). Different projects have had the active 
collaboration of expert national and international 
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institutions which have included the International 
Reference Centre for Wastes Disposal (IRCWD - Switzerland), 
WHO - Geneva, CARE - Peru, The Development Corporation of 
La Libertad (COLIB - Peru), the German GTZ, and the 
Institute of Cultural Affairs. All the institutional 
collaboration is here gratefully acknowledged. 
The thesis is divided into three main Sections: Section 
One includes Chapters 2 and 3 and covers the background 
information and literature review. The promotion and 
implementation of SSF in small communities in developing 
countries is discussed, and an analysis of their state 
around the world and more specifically in Peru is 
presented. The scientific basis of Slow Sand Filtration 
is critically reviewed, and key incompatible factors are 
highlighted. Alternative pretreatment options are 
discussed. The Section concludes with the presentation of 
the theory and practice of roughing filtration technology. 
Section Two comprises Chapters 4 and 5 which present the 
design, construction and evaluation experience of roughing 
filtration in Peru up to the year 1989. One vertical 
roughing filtration unit was developed as part of a new 
water supply scheme, which incorporates various new 
features for small community supplies, and three horizontal 
roughing filters were incorporated as part of a rural 
treatment plant rehabilitation programme. Detailed 
assessment of both the operation and the maintenance of the 
units is included. 
-6- 
Section Three (Chapter 6) constitutes a particle analysis 
study. The findings of this academic study are presented 
in the context of 5 years of practical experience providing 
a most valuable insight into critical aspects of design and 
operation of roughing filters. The Chapter focuses on two 
main areas: 
- the particulate matter characteristics of raw waters; 
- removal of particulate matter during roughing 
filtration. 
The final discussion in Chapter 7 shows how the objectives 
have been met and proposes further lines of research for 
the adaptation of RF technology. 
The work is a contribution to the development of a robust 
technology suitable for community water supplies and their 
operating conditions. The Author remains confident that a 
step has been taken in the right direction. 
-7- 
CHAPTER 2 
SLOW SAND FILTRATION APPLICATION IN SMALL COMMUNITIES OF 
DEVELOPING COUNTRIES 
This Chapter discusses the way in which slow sand 
filtration technology has been promoted for its use in 
small communities of developing countries. Careful 
assessment of slow sand filtration projects around the 
world have demonstrated that although many of the premises 
on which the transfer of the technology was based were 
correct, vital technological components have been omitted. 
These omissions have seriously jeopardised the effective 
operation of slow sand filters (SSF). Hundreds of plants 
around the world are now in urgent need of rehabilitation 
and a new technological approach is now required for the 
use of SSF in small communities of developing countries. 
2.1 HISTORICAL PERSPECTIVE AND DISSEMINATION OF THE 
TECHNOLOGY 
Slow sand filtration technology has been used in England 
since the early 19th century and its unparalleled 
efficiency for the improvement of both the bacteriological 
and physio-chemical quality of water is now well 
recognised. The understanding of the full potential and 
limitations of the technology has nevertheless taken 
- g- 
industrialised countries many decades of research and this 
has been reviewed by Baker, (1949), and Rachwal et. al., 
(1988). It is now well understood that SSF is 
predominantly a biological process dependent on stable flow 
conditions and raw water quality; these allow the 
continuity of the process, ripening, and efficient 
performance. 
The process of technological transfer from the 
industrialised nations to the developing world has usually 
been inadequate and SSF technology is no exception. Many 
vital pre-requisites of the technology scale down to small 
communities in developing countries have been under- 
estimated. The decision to use SSF has been adopted in a 
number of countries without an adequate understanding of 
the conditions necessary for successful operation and 
maintenance. The problems will be discussed throughout the 
Chapter. 
The Promotion Stage 
The World Health Organisation (WHO) has had since its 
origin in 1948 environmental health programmes high on its 
list of priorities. After a decade of limited progress in 
all fields, groups of international experts were called to 
advise on the direction of environmental health programmes. 
After this consultation the Director-General's report to 
the Twelfth World Health Assembly in 1959 recommended an 
intensified effort in one specific sector of environmental 
-9- 
health: community water supply (WHO, 1969; Bierstein, 
1970. ) 
The results of the analysis were widely publicised and the 
promotional effort of WHO stimulated the interest of member 
Governments and international bodies, resulting in 
increased awareness of the essential nature of water 
supplies to the social and economic well being of 
communities. This, in many cases, accelerated development 
of national policies and programmes to meet the growing 
needs. 
According to the Director General's Report to the 23rd 
World Health Assembly, loans for community water supply 
from international agencies amounted to US$900m for the 
period 1958-1969. 
The United Nations Second Development Decade (1971-1980) 
proposed that a minimum of 20% of rural communities should 
be supplied with safe water (this implied at that time a 
construction programme for 620 million people). After the 
International Conferences of Vancouver 1976 and Mar del 
Plata in 1977 where progress was assessed, the requirement 
for an even more decisive effort was proposed. This 
resulted in the launching of the United Nations 
International Decade of Water Supply and Sanitation for the 
period 1981-1990. 
- 10 - 
In December 1968 the Government Institute for Drinking 
Water Supply at the Hague, the Netherlands, was designated 
as the WHO International Reference Centre for Community 
Water Supply (IRC). It was intended as a nexus of 
collaborating institutions in both developing and 
industrialised nations. The IRC subsequently started an 
International Research and Demonstration Project on Slow 
Sand Filtration in 1976 together with six Developing 
Countries in Africa, Asia and Latin America in recognition 
of the importance of this technology for community water 
supplies (IRC, 1987). 
It has to be stated that water supply incorporating 
filtration has never been encouraged as a first supply 
option for small communities, but when treatment was deemed 
inevitable there has been a clear preference for SSF 
technology. 
Water supply development agencies and design engineers in 
developing countries resorted to the available literature, 
so a review of selected references (from which many other 
texts in native languages may have derived) is important 
to understand the evolution of knowledge and the 
implementation of SSF in small communities of developing 
countries. This review is presented in Table 2-1 in a 
chronological order for the period 1959-1987. The first 
widely available text which dealt with SSF specifically for 
small communities appears in 1978 by Van Dijk et. al. /IRC. 
Among the advantages of the technology the authors are 
unanimous in mentioning the use of local skills and local 
- 11 - 
TABLE 2-1 Specifications for the use of Slow Sand Filters in 
Small Communities. Selected References 
Year Reference Advantages Limitations Pretreatment 
1959 Wagner. E. G. Bact. reduction 85-99% Turbidities not to exceed Sedimentation 
Lanoix, J. N. Requires minimum of limits 
operational and Colour reduction to e certain 
Water Supply maintenance skills extent 
for rural areas 
and small 
commun- 
ities 
1964 Cox. C. R. No coagulation Large area and structures - Sedimentation (raw water 
Operation and No imported equipment Little flexibility for above 30 TU) 
control of Availability of filtering operation - Prechlorination for 
water treatment material Uneconomical with high algae control and longer 
processes Simple supervision turbidities filter runs 
Good quality water Low efficiency in colour 
Effective bacterial removal 
removal Poor results with algae. 
1973 Arboleda, J. Bact. quality not Treatment of turbidity and 
dependant on chlorine colour 
Teoria. diseno No coagulation skills 
y Control de required 
los Procesos de Where low land cost 
Clarificacion available 
de Agua 
1974 Huisman, L. Treated water quality Requires large area Turbidity load ranges in 
Wood, W. L. No water wastage Labour intensive maintenance mg Sio/l: 
Ease of operation Freezing 
Slow Sand Conat. and Op. costs Affected by toxics and high Sedimentation, 20-100 
Filtration retained locally colloid contents. Storage + microstaining, 
Tolerates min. Algae, could require covering gms/l 
fluctuations in raw water intake screening. 10-20 
quality rapid "roughing" 
filtration. 20-50 
Coag. + sedim. + rapid 
"roughing" filt., 50-200 
1978 Van Dijk, J. C. Use of local Affected by high turb. and Turbidity 
load ranges in 
Oomen, J. availabilities toxic wastes 
NTU: 
Simple design, const. and Requires large area River bed infiltration, 
Slow Sand Op. Algae, could require covering 
10-20 up to 200 
Filtration for Low cost Storage, average 
1000 
Community Water Gravity O+M Sedimentation, 20-100.400 
Supply in Tolerates raw water few weeks 
Developing quality variations 
Rapid "roughing" filt. 
Countries Low wash water 
(gravel or coconut fibre). 
No sludge handing problems 
20-100 
Horizontal flow coarse 
material, < 150 
Aeration 
- 12 - 
TABLE 2-1 Specifications for the use of Slow Sand Filters in 
Small Communities. Selected References 
continued/Page 2... 
Year Reference 
1981 Huisman. L. 
et. al. 
Small Community 
Water Supply 
1982 Perez, J. 
Modular Plants 
for Water 
Treatment. Vols 
I and II 
1984 Schulz, C. R. 
Okun, D. A. 
Surface Water 
Treatment for 
Commun- 
ities in 
Developing 
Countries 
1987 Visscher. J. T. 
et. el. 
Slow Sand 
Filtration for 
Community Water 
Supply 
Advantages 
Efficient removal of 
bacteria 
Local workforce and 
materials 
Non expert supervision 
No electrical and 
mechanical equipment 
No chemicals 
Savings in disinfection 
Reliable Safety barrier 
Low cost construction 
Simple design and 
operation 
Unskilled labour 
Negligible imported 
materials 
Gravity operation feasible 
Tolerates raw water 
quality variations, except 
turbidity 
Low wash water 
Quality of treated water 
Ease and low cost of 
const., O+M 
Reliability 
Limitations 
High turbidity and algae cause 
rapid clogging 
Restrictions: turb > 100 
N. T. U., 
temp < 4°c, presence of 
biocides 
Aeration could be required 
Algae problems 
Cold weather: covers, labour 
Labour intensive cleaning 
process 
Requires large area 
High Turbidity causes rapid 
clogging (overcome with 
pretreatment) 
Pretreatment 
Sedimentation 
Coagulation + flocculation 
Rapid filtration 
Turb. range in NTU: 
Horizontal roughing filter 
HRF, 100-250 
High Rate sed. HRS + HRF. 
(1200 
Pre Sed. + HRS + HRF, 
<1500 
Turb. range in NTU: 
Plain eed.. 200-100 
storage, >1000 
roughing filtration, 20- 
150 
grit removal 
Turb. range in NTU: 
MPN, Faecal Coli/100ml: 
Pretreat. advantageous: 
20-30,30 few days. 
MPN. 1-1500 
Pretreat. advisable: 20- 
30,30 few wks. 
MPN, 1-500 Mandatory: 30- 
150. 
MPN >500 
river bed filtration 
plain sedimentation 
storage reservoirs 
horizontal roughing 
filtration, 100-150mg SS/l 
- 13 - 
TABLE 2-1 Specifications for the use of Slow Sand Filters in 
Small Communities. Selected References 
Year 
Ref 
1959 
Wagner 
1964 
Cox 
continued/Page 3... 
Design Parameters 
Turbidity (50ppm. 
Filter bed: sand; 
ES 0.3-0.4mm 
CU 2-2.5; gravel; 
underdrain designs. 
negative pressures 
Outlet flow control 
weir). 
Inlet flow control 
valve). 
Vf <0.12 m/h 
depth 1.0m, 
depth 0.40m 
Avoid 
L (floating 
(butterfly 
Min. 2 units 
Cover for algae control 
Vf-0.1- 0.25 m/h 
Head loss device 
Underdrain characteristic 
Sand: 1.00m deep 
ES 0.2-0.4mm 
CU 1.7-3.0 
1973 Load limits (Trb. /JTU): 
Arbo- <50, > 100 few days/year 
leda * Reserve capacity 100%, 
comma. <200h. 
* Vf = . 08 - . 58 m/h 
* f. bed; depth, send 0.9 - 
1.2m, gravel 0.4 - 0.45m 
Sand characteristics: CU 1.8 - 
2.0, ES 0.3 - 0.35mm 
* Underdrainage, various 
designs 
* Flow control: inlet weir, 
min. outlet overflow level 
(above sand), water head 
increases with filter 
resistance. Outlet control 
with floating weirs. 
1974 Load limits (Trb/mg Sio/1): 
Huis- 100-200 few days 
man, max 50 longer periods 
Wood best perf. (10 
Design Period 7-10 yrs. 
* Size, min. 100 m2, max 2000- 
5000m2 
* Max. No. of units desirable, 
min. No. 2, n. = 1/4 Q 
* Vf - 0.1 - 0.4 m/h 
* Supernatant 1.0-1.5m 
* Filterbed, depth, sand 1.2- 
1.4m, gravel 0.3m 
Sand charact. CU 2-3, ED 0.15- 
0.35mm 
Calcium + Mag. < 2% 
Underdrainage, various 
designs. 
Flow control: outlet, 
multiple valve system. 
1978 Load limits (Trb. /NTU) 
Van max 100-200 few days, 
Disk, >50 acceptable few wks, 
Oomen preferable (10 
* Design period, 10-50 yrs. 
* Vf = 0.10-0.20 m/h 
* Supernatant, 1.0-1.5m 
* Filterbed, sand depth 1.0- 
1.4m 
Sand charact. CU 2-5 
ED 0.15-0.35mm 
* Flow control, outlet, 
multiple valve */- weirs. 
Construction 
* High const 
cost 
* Size approx. 12 
times that 
required for 
equivalent RSF 
Materials - 
Concrete. 
reinforced 
concrete, masonry 
Cost - lower snit 
cost for large 
units 
Covering - 
concrete structure 
and foam, 
corrugated iron, 
grass matting 
Materiale - mass 
or reinforced 
concrete, 
ferrocement, stone 
or brickwork 
Cost of materials 
In 1000 USd/m3/h 
Protected sloping 
wall: 1-4 
ferrocement: 1.5- 
6, 
masonry: 1.5-6 
reinf. concrete: 
3-12 
Operation & 
Maintenance 
Continuity 
Cleaning: 
Scraping 5-8cme 
sand. 
Reuse of sand. 
Min. sand depth 
0.60m. 
* Skimming 0.5- 
2.5cros 
* Min depth sand 
0.8m 
* Backfilling 
* Run to waste 
after skimming 
(4-7 days) 
* Avoid negative 
head 
* Skimming 1-2cm 
* Min. Sand depth 
0.6-0.7m 
* Backfilling with 
treated water 
* Head loss 1.20m 
max 
* low cost of O+M 
* Daily check 
* Aeration 
* Surveillance 
required 
* Commissioning: 
ripening period Q 
= 1/4 norm. flow 
* Continuity vital 
* Filt. cleaning: 
depth of skimming 
is (f) clogging 
material 
* Min. sand depth 
0.5-0.8m 
* Immediate sand 
wash 
(anaerobiclty) 
* Management: 
records, control 
* Commissioning: 
backfilling, 
decreased velocity 
* Outlet valve 
regulation 
compensate filt. 
resist. 
* Cleaning: 
removal of 
smutzdeche 
* Ripening, other 
units compensate 
flow 
* Resanding: 
throwing over 
Remarks 
"SSF is an excellent method of 
water treatment for rural 
water supplies (... ) 
The turbidity of the raw water 
to be treated. however, must 
not exceed definite limits. " 
.. the advantages of these 
filters justify their use for 
small plants not under 
technical supervision, where 
relatively clear surface 
waters are to be treated. " 
"In developing countries, 
especially in rural areas, SSF 
has specific advantages over 
RSF. (Reliance on the filter 
for bact. quality and 
avoidance of coagulation) .., 
are two of the conditions that 
make SSF a better choice. " 
"No other single process can 
affect such an improvement in 
the physical, chemical and 
biological quality of water as 
that accomplished by 
biological filtration. " 
"SSF is a good example of a 
reliable treatment method 
which falls within the 
capabilities of the population 
of most villages in developing 
countries. " 
- 14 - 
TABLE 2-1 Specifications for the use of Slow Sand Filters in 
Small Communities. Selected References 
continued/Page 4... 
Year Design Parameters Construction Operation & 
Ref Maintenance Remarks 
1981 Load limits (Trb/rTV): 
Huieman max t 20 few days 
at. al average tS 
" Vf " 0.1 - 0.2 m/h 
" Filter bed. Depth, send 
1.0 - 1.2.; gravel 0.40m 
fand charact. CV 2-3. E8.15 - 
1.35mm "Builders" grade 
satisfactory 
" Flow Control " outlet. 
multiple valve system 
1992 Load limits (Turb/NTU) 
Peres max 100 
avg. 50 
normal 30 
colour 50 c. u. 
" Vf " 0.10-0.30 s/h 
" Filter bed " Depth, sand 
1.20., gravel 0.20.. Sand 
eherac. Cu (2, E9 0.10-0.45mm 
* Flow control " inlet. weir. 
Overflow guarantees min. head 
of water over filter. 
" Max head loss 1.10m 
1994 Load limits (Trb. /NTU) 
Schulz. max (50 
Okun best 410 
" Vf " 0.10-0.20 s/h 
" Filter bed " Depth. sand 
1.0-1.4m. gravel 0.3-0.4s, 
and. Charact. CU 1.5-3.0. as 
0.15-0.55mm 
" No. of filters.  in12 
" Flow Control " outlet. 
constant head loss across 
filter bad 
1987 Lead limits: 20-30 NTU 
visa- 500-5000 F. Coli/100m1. 
char Design period 10-15 Trs 
"t. al. (extension) 
Vf " 0.20 m/h 
Filter bed - Depth, sand 0.8- 
0.90. gravel 0.3-0.5m 
and. charect. Cu (3-5. Es 
0.15-0.30mm 
Flow control - Outlet. 
multiple valve. Inlet, weir. 
overflow 
Guarantees min. head of water 
over filter 
Metertals: 
reinforced 
concrete. masonry. 
foundations of 
puddlad clay 
Attention to 
occurrence of high 
ground water level 
Commissioning: 
ripening several 
Wks. 
Operation: filt. 
resistance 
compensated 
opening outlet 
Volvo 
Cleaning: skimming 
1-2 ca.. 
backfillinp. 
initial op. 1/4 0 
1 1/2 days 
Romandingi 
'throwing over' 
*The mein purpose of 8SF Is 
the removal of pathogenic 
organises from the raw 
Mater.. ." 
Modular design for Constant rate '(" methodology is presented 
economy filtration with for) selecting water treatment 
variable heed processes in accordance with 
the level of technical 
development of the community 
or region. the capacity of 
institutions administering the 
sputum. and the quality of 
caster. " 
Materiale: 
reinforced 
concrete, 
pozsolenlc 
materiel, 
ferrocenent, stone 
masonry, wolves 
and gates 
Relatively 1ow 
cost of cont. and 
depreciation 
Materialar 
concrete. 
isrrocement. 
masonry. 
Filter sand 
selection; grain 
site, 
distribution, eilt 
content, 
solubility. 
Criteria not 
stringent. 
Coats little 
economy of seals. 
detailed coatings 
presented, man. 
no. of units 
desirable (o. n) 
* scraped sand 
washed and stored 
where price 
justifies 
" Remanding: 
throwing ever 
Co.. issioningt 
b. ekfilling (V " 
0.1-0.2 a/h) 
w/filt. r. d water. 
lupeningi 1-3 wk.. 
(f) Temp. voter 
quality 
Operation: 
constant flow 
Cleaning: 1-2wa 
removal. re- 
ripening 1-2 days 
" land washing 
immediately. Wash 
water " 5-10 a 
vol. send. 
fand losses 20- 
30%. 
" Trenching. Re 
ripening 3-7 day 
" Record keeping. 
Quality control 
... 8SF. even when preceded 
by some type of pretreatment 
should not be used for 
treating turbid river water@. " 
"(A properly designed plant) 
will only produce clean water 
it its caretaker knows how to 
keep it fully operational... " 
- 15 - 
materials for the construction and the operation and 
maintenance. Also unchanged through the years is the 
concept of the good quality of the treated effluent. The 
limitations of the SSF technology usually referred to are 
inability to cope with turbidity, particulate matter in 
general and contaminants, as well as algal growth. Also a 
permanent concern has been the area requirements of slow 
sand filters. 
The inability of SSF to cope with high contents of solids 
in the raw water source has led the authors to suggest the 
need for pretreatment, some even quoting specific ranges of 
solids content in the source water for the application of 
such technologies as microstraining, sedimentation, 
coagulation, and roughing filtration. Design parameters 
have not changed during the years, nor have the suggestions 
for the operation and maintenance of the units. 
In summary, it is obvious now that the concept of 
pretreatment of the raw water prior to slow sand filtration 
has always existed although not properly (or widely enough) 
applied. It is hypothesized that this was not because it 
was deemed unnecessary by design engineers and planners but 
because a viable and effective pretreatment alternative did 
not exist (as a widely known technological option) in the 
60's and 70's. 
-16- 
The Dissemination of the Technology 
A widespread dissemination of the technology for use in 
small communities of developing countries using the 
concepts and design parameters summarised above has 
occurred over the last 30 years. The map shown in Figure 
2-1 summarises the research and dissemination of SSF 
technology in small communities of developing nations. 
This information is derived from personal communications 
with Vischer from IRC - The Netherlands, and Wegelin from 
IRCWD - Switzerland both in 1988, and Paramasivam from 
NEERI - India in 1989; Hespanhol (1969) for information on 
Brazil, Gombach (1965) and Nielsen (1983) for Sudan, AIT 
(1985) for Thailand, Lloyd et. al. (1986) for Peru, and 
Nyenzo Lukania (1984) for information on Kenya. More than 
seven hundred installations are known to have been built in 
30 countries throughout the world. It can be seen that 
plants are to be found in the three continents (Africa, 
Asia and Latin America). Three countries: India (more than 
150 plants), Sudan (approximately 150), and Peru (more than 
300 plants) have SSF as major components of supply 
strategies within defined regions or at a national level. 
A very important factor in the successful application of 
small community SSF technology is the research conducted in 
developing countries (distribution shown in the map), 
parallel to that developed in industrialised nations. 
- 17 - 
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The following Section will discuss the success and failure 
of SSF plant operation based on reports of selected 
studies, in order to assess current requirements for 
successful operation. 
2.2 PERFORMANCE OF RURAL WATER TREATMENT PROGRAMMES 
The first part of this Section deals with the detailed 
study of rural water treatment plants in the Central Region 
of Peru. The author has participated directly in the 
Peruvian Water Surveillance Programme since 1985. This 
Programme has identified the failure of SSF treatment 
plants constructed under the National Plan for rural water 
supply. In Peru surface water treatment plants conform 
less than 20% of the water supplies in rural areas. The 
majority of rural water supplies (around 80%) are tapped 
from springs, followed by gravity feed which produce a 
better service than either pumped or treated supplies. 
The second part of this Section reviews selected reports on 
the state of rural water treatment plants in Sudan and 
Thailand which show close resemblance to the findings of 
the Peruvian Water Surveillance Programme. 
The critical review of a panel of international experts 
complements the reports showing unequivocally that problems 
encountered in SSF plants are very similar around the world 
(IRC, 1981). In the author's view key aspects for the 
-19- 
failure of SSF have been the incomplete way in which SSF 
technology has been promoted, coupled to the weakness of 
national water supply institutions to adapt the technology 
to the prevailing local conditions. 
The critical knowledge that now exists has enabled the 
write-up of a clear blueprint for the improvement and 
progress of the use of SSF technology in small communities 
of developing countries. 
2.2.1 Assessment of Rural Water Treatment Plans in Peru 
The National Plan for Rural Water Supply and Sanitation 
(PNAPR) started at the beginning of the 1960's as a 
responsibility of the Ministry of Health through its 
Sanitary Engineering Division. It has been geared towards 
the supply of the so called rural population, arbitrarily 
designated as small communities with less than 2,000 
inhabitants (CEPIS, 1980). 
Funding has been largely provided by the Peruvian 
Government and international funding and aid agencies like 
the Interamerican Development Bank (GBP 6.2M), US AID (GBP 
7.1 M, in execution), and CARE: (DISABAR, personal 
communication). Activities in water supply and sanitation 
have been supported by other agencies (national and 
international) and a complete record of all rural water 
supply installations is not currently available. 
-20- 
According to the National Plan of Basic Sanitation 
published by CONCOSAB, (1985) out of a total population of 
7,152,000 inhabitants in the rural areas (36% of the total 
19,698,000), 1,196,000 (17%) has organised water supply 
services. CEPIS in 1980 has reported a total of 957 rural 
water supply systems, of which 592 (62%) were gravity 
without treatment - generally spring water catchments, 194 
(20%) had treatment plants and 171 (18%) had pumping 
stations. 
A typical treatment plant derives its water from small 
rivers or irrigation canals. It comprises an abstraction 
box, a settler, 2 slow sand filters, a reservoir and a 
distribution system supplying single household taps (see 
Figure 2-2). 
National Plan designs were standardised and a typical slow 
sand filter structure resembles the one shown in Figures 
2-3 and 2-4. It can be appreciated that the operation 
relied on the manipulation of an expensive and 
inappropriate valve system, and the flow control of the 
unit was consequently extremely cumbersome. Headloss 
piezometers are sometimes incorporated in the design but in 
practice rarely installed. 
The construction of a rural water supply scheme follows a 
preestablished sequence. First the community organises and 
elects an administrative board which officially approaches 
- 21 - 
. oo 
10 
DISTRIBUTION ýý ý! /, " 
SYSTEM 
AW, 
r 
SLOW 
SAND 
FILTERS 
11: : )C. 
SETTLER 
- -ý-ý PIC 
'GRIT CHAMBER 
INTAKE 
-ý n 
', % 
ice. 
, -. i 
RESERVOIR 
* includes house 
connections ' 
FIGURE 2-2: Layout of a typical slow sand filtration plant 
constructed in Peru since the 1970's. 
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the Sanitary Engineering Division of the Ministry of Health 
(DISABAR). The second step is the preparation of the 
engineering project by DISABAR. The last step is the 
construction stage to which the community contributes with 
between 10 and 20% of the costs of material, and with 
labour. 
Theoretically the operator and the administrative board 
(reelected within the community on an annual basis) receive 
basic training from DISABAR and assume the operation, 
maintenance and administrative role. The installation 
nevertheless remains the property of the Ministry of 
Health. In practice the community receives little training 
and minimal further support. This generally leads to 
inadequacies in the operation, maintenance and 
administration of the systems and subsequently 
deterioration. 
The Peruvian Water Quality Surveillance Programme 
The concept of having an independent organisation 
monitoring the quality of water produced and distributed by 
the water supply agencies has been longstanding and it is 
specifically recommended by WHO (1976) Surveillance 
Monograph. In Peru there is clear legislation which 
authorises the appropriate Division of the Ministry of 
Health to assume responsibility for this task. 
- 24 - 
A Water Quality Surveillance Programme was established in 
1985 funded by the Overseas Development Administration of 
the British Government, and based in the Technical 
Directorate of Environmental Health (DITESA) of the 
Peruvian Ministry of Health. 
The strategic approach adopted by the surveillance 
programme involved the development of a central supervisory 
infrastructure and reference laboratory within DITESA in 
the capital city of Lima. DITESA was fully equipped for 
microbiological, inorganic, organic and organoleptic 
analytical functions. Regional laboratories and local 
surveillance and monitoring using portable field test kits 
in the provincial towns and cities was also developed 
within a pilot surveillance programme. 
The first stage of the Programme was developed in the 
Central Health Region of Peru. The Region comprises both 
high Sierra and high jungle and had a total population of 
1,352,395 inhabitants and a rural population estimated at 
272,255 inhabitants. Around 54% of the rural population 
had water supply through 231 systems, 28 of which were 
water treatment plants (25 with slow sand filters). 
A training programme for sanitary technicians was conducted 
(subsequently upgraded twice since 1985) which included 
basic analytical techniques and sanitary inspection. The 
analysis included E. Coli counts (through membrane 
filtration technique), turbidity measurements (turbidity 
- 25 - 
tubes), Chlorine residual and pH (colour comparators), and 
conductivity (electronic metering). Taste, odour and 
colour assessments were also included in the programme. 
The tests were conducted in the field using portable Oxfam- 
DelAgua water testing kits (DelAgua, 1988). Sanitary 
inspection was geared towards the identification of 
potential health risks derived from the state of the 
different components of the supply system. Inspection was 
deemed as important as the analysis performed. 
The activities of the Surveillance Programme have run now 
continuously for 5 years (1985-1989) expanding into other 
regions of the country. A detailed picture of the state of 
water supplies has been drawn and the multi-institutional 
actions derived from it has made the Surveillance Programme 
an important element of water supply programmes both in 
rural and in urban areas (Lloyd et. al., 1987). 
Reported Results of the Peruvian Surveillance Programme and 
Critical Appraisal 
A summary diagnostic of the 28 surface water treatment 
systems of the Central Health Region of Peru based on the 
results of the Surveillance Programme is presented in Table 
2-2. It includes the reported state of the systems after 
one or more sanitary inspection visits by the surveillance 
teams. 
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The results clearly demonstrate the failure of treatment 
plants constructed under the National Plan for Rural Water 
Supply (most of them during the 1970's). Not one system 
operated effectively, all supplied faecally contaminated 
water to the distribution systems and 17 plants showed 
effluents with more than 50 Faecal Coliforms per 100ml 
posing a continuous risk of water borne disease. High 
turbidity recordings are indicative of the level of solids 
concentration to which the treatment plants are subjected. 
A resume of structural problems identified for each element 
of the treatment works includes: 
Source: - Inadequate quality for SSF (seasonally 
high suspended solids contents). 
- Multi-purpose, usually irrigation and 
drinking water supply, and as such 
interference in continuity of flow to 
treatment plant. 
Abstraction: - lack of flow control (80% of systems 
surveyed). 
- structures vulnerable to vandalism. 
Settlers: - Absence of baffles and inadequate 
inlet-outlet structures causes very 
short retention times. 
- Faulty valves. 
_28_ 
Slow Sand Filters: (see detailed discussion). 
Disinfection: - Inadequate dosing devices; incorrectly 
installed. 
- Inadequate logistics in the 
distribution of calcium hypochlorite 
powder by the Ministry of Health. 
The inadequate service provided by the water supplies 
usually leads to reluctance to pay tariffs and consequently 
default in the collection of tariffs. This brings a 
vicious circle; the administration deteriorates and the 
treatment system is abandoned or by-passed resulting in 
further deterioration of the service. 
The factors related to the deficient performance of SSF in 
small community installations are summarised in Table 2-3. 
They can be divided into two fields: (a) technological 
problems which include design, construction, operation and 
maintenance; and (b) behaviourial or socio-economic 
aspects. Both are equally important and it will be 
appreciated that during the pilot rehabilitation 
interventions conducted during the years 1986-1988 and 
reported in Chapter 5, all aspects have been addressed. 
The emphasis in this thesis will nevertheless be in the 
detailed analysis of the technical problem of the 
inadequate raw water quality from the point of view of the 
seasonally high loads of suspended solids, and thus the 
requirement of effective pre-treatment prior to slow sand 
filtration. 
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2.2.2 Assessment of the State of Rural Treatment Plants 
in Developing Countries 
Surveys of complete national or regional programmes which 
deal specifically with rural water treatment plants are 
scarce in the literature. An attempt has been made however 
to compile reports for three countries where SSF is an 
important component of rural water supply programmes (Peru, 
Sudan and Thailand). The summary of the reported state of 
the rural treatment plants (all including SSF) in these 
countries is presented in Table 2-4. Problems encountered 
can all be classified into two categories: design and 
construction, and operation and maintenance. In general 
Sudan and Thailand present the same problems found in Peru 
and discussed in detail in the previous Section. 
Another important source of information has been the report 
on the International Appraisal Meeting on Slow Sand 
Filtration for Community Water Supply in Developing 
Countries, held in Nagpur, India, in 1980 (IRC, 1981). 
Representatives of 6 countries participated in the Meeting 
(Colombia, Thailand, Kenya, Jamaica, India, the 
Netherlands) and project reports on SSF of the countries 
were reviewed. A set of important conclusions and 
recommendations were reached. They included: 
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a) Planning 
- community involvement is required at every stage 
- community priorities should be adhered 
b) Community contribution 
- financial contributions desirable (waived for poorest sectors) 
- unskilled labour (policy reviewed in high unemployment areas) 
c) Design and construction 
- minimum initial investment (design period <15 years) 
- flexibility of operation, minimum 2 SSF units 
- minimum size of each SSF unit 15-20m2 
- wherever possible system should operate by gravity flow 
- filter medium should be locally available ungraded sand 
- minimum depth of sand: 0.70m (ungraded sand) 0.60m (graded sand) 
Additional 0.30m for periodical cleaning 
d) Operation and maintenance 
- O+M manual required for local conditions 
- continuous (24 hours) operation required 
- chlorination for inadequately ripened SSF units required 
- filter run dependant on raw water quality 
- backfilling with treated water 
- 24 hours minimum re-ripening period (after cleaning) 
- water metering of plant production required 
- surveillance required 
e) The operator should 
- be a community member 
- receive adequate payment 
- the operator training course should include theory and practice 
f) Health education and water related behaviourial change 
- course should be integral to water supply programme 
- the programme should respect the community lifestyle 
- the course should promote involvement of community people for the 
provision of health education (women) 
g) Impact studies 
- should cover essential aspects of health related water and hygiene 
practices 
- should be complemented by reliable records and laboratory examinations 
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TABLE 2-4: Summary of Reported State of Treatment Plants 
in Small Communities of Developing Countries. 
Related Problems. 
NUMBER OF WATER TREATMENT 
PLANTS 
COUNTY/AREA EXISTENT BASE OF PROBLEMS 
REPORT 
RELATED 
REFERENCE 
Peru >300 58 a-k, Canepa 
q (1982) 
Lloyd 
et. al. 
(1986) 
Sudan/Gezira 125 125 b, c, e, d, j Gombach 
l, m, n, o, p (1986) 
Neilsen 
(1983) 
Wegelin 
(1989) 
Thailand 39 19 b, j, k, m, Asian 
p, q, r Institute 
of 
Technology 
(1985) 
RELATED PROBLEMS 
a. Faulty administration of water supply facilities 
b. Lack of training of operators 
c. Lack of operation and maintenance 
d. Inadequate raw water quality 
e. Inadequate design characteristics 
f. Inadequate O+M received 
g. Lack of sand washing and storage facilities 
h. Lack of support for local O+M 
i. Required pretreatment 
j. Inadequate flow control 
k. Inadequate filter media 
1. Insufficient filter capacity 
M. Inadequate filter cleaning method used 
n. Inadequate filter loading by pump 
o. Insufficient pretreatment with sedimentation 
p. Fluctuating operation rate 
q. Drainage of sand bed 
r. Single unit. Frequently plant is out of commission for 
cleaning, and immediate commissioning after scraping. 
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The meeting in India also made recommendations on areas 
where further research was required. They included: 
- economics of declining rate operation 
- fool proof inlet control arrangements 
- minimum filter bed depth 
It is interesting to note that this International panel did 
not conclude that effective pretreatment prior to slow sand 
filtration was required although the problem was 
specifically acknowledged in the country reports of India 
and Thailand. 
2.3 DISCUSSION 
It is clear that SSF has been promoted by international and 
national organisations for its use in small communities in 
developing countries based on such factors as: 
- low level of the technology 
- local availability of materials and skills 
- ease of operation and maintenance 
- relative low cost 
It is obvious however that critical problems have been 
overlooked during the technological transfer process. They 
can be categorised in three groups; (a) the inability of 
slow sand filters to operate under high turbidity loads 
(usually with seasonal occurrence); (b) the inadequate 
adaptation of SSF technology at the design and construction 
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levels by the relevant engineering divisions; and (c) the 
subsequent failure (of usually the same agencies) to 
adequately support the locally based operation, maintenance 
and administration of the SSF schemes. 
The first two problems should be overcome with the use of 
effective pretreatment technology and the third should be 
tackled through institutional development and an integrated 
approach to the problem of technology transfer and 
management. 
In an International Seminar on Advances in Slow Sand 
Filtration held in London (November 1988), Mr P Toms a 
Senior Manager of the Thames Water Authority confided to 
the audience the secret for the operation of SSF "passed 
down from father to son in the Metropolitan Water Board. " 
This carefully assumed secret was adequate communication 
between scientists, engineers, planners and operators. 
Clearly this type of communication has been nonexistent in 
small community SSF programmes, a fact which is responsible 
to a great extent for their failure. 
The process is nevertheless dynamic in nature and we can 
now be assessing the problems derived from the application 
of the technological knowledge at the time of construction 
in the 1960's and 70's. The first texts dealing with SSF 
from the specific point of view of small communities in 
developing countries began to appear in the period 1975- 
1978 (Huisman (1975)), Thanh and Pescod (1976)) and was 
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finally disseminated through the work of Van Dyjk et. al., 
IRC in 1978. 
The availability of early specific design and construction 
manuals may have encouraged the proliferation of SSF plants 
for small communities without full consideration to 
operating problems. In these design and construction 
manuals there are mentions of the requirement of 
pretreatment but by the end of the 1970s and beginning of 
the 1980s only isolated efforts into the development of 
effective pretreatment units occurred. This research did 
not reach final conclusions and it was inadequately 
disseminated (Thanh and Ouano (1977) in Asia, Frankel 
(1977) in Southeast Asia, and Wegelin and Mbwette (1980-81) 
in Africa). 
Only during the 1980's has pretreatment research 
intensified and a wide dissemination of pretreatment 
methods started (Smet and Visscher, 1989), together with 
design and construction manuals of roughing filtration 
(Wegelin, 1986). However, the lessons learnt on the 
technological transfer process of slow sand filtration 
should now be applied. The stage of adaptation of 
pretreatment technology is absolutely critical. 
The next Chapter will deal in detail with the scientific 
basis of most of the available pretreatment options for the 
protection of SSF plants in small communities of developing 
countries. Much work has still to be done in the field in 
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order to adapt and take full advantage of the potential of 
these technologies. This research work can only be done 
under field operating conditions so it is reassuring to 
note that countries where SSF is well disseminated are 
active in applied technological research (see Map in Figure 
2-1). 
It is also reassuring to note that some industrialised 
nations are continuing their effort on a collaborative 
basis. Of relevance is the new importance gained by SSF in 
the United States where the technology is now being widely 
promoted in compliance with recent stringent regulations of 
the EPA on water sources (Slezak and Sims (1984), and 
Longsdon and Fox (1988)). 
Altogether the future of SSF technology for small 
communities of developing countries looks extremely 
promising, but the work of rehabilitation and promotion of 
new design policies should be continuous. 
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CHAPTER 3 
THE TECHNOLOGICAL ASPECTS OF TURBID SURFACE WATER TREATMENT 
IN SMALL COMMUNITIES. SLOW SAND FILTRATION AND 
ALTERNATIVES FOR PRE-TREATMENT 
3.1 THE SCIENTIFIC BASIS OF SLOW SAND FILTRATION 
3.1.1 Mechanisms of Slow Sand Filtration 
According to Huisman and Wood (1974): 
"Biological (or slow sand) filtration is 
accomplished by passing raw water through a bed 
of sand. During its passage the particulate 
impurities are brought into contact with the 
surface of sand and held in position there. 
Those that consist of inert material are retained 
until eventually removed during the cleaning 
process, while those capable of chemical or 
biological degradation are converted into simpler 
forms that are either carried away in solution or 
remain, with the inert material, for subsequent 
removal. " 
Lloyd (1974) has defined filtration as a process for the 
separation of "impurities" from the "transport liquid 
phase". 
These simplified descriptions involve a number of physical, 
physico-chemical and biological mechanisms which act in 
combination during the purification process. 
Lloyd (1974) has further categorised the "impurities" as: 
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- Suspended Solids: macro and semi micro plants and 
animals, detritus and soil particles. 
- Colloidal Suspensions: clay, silt, quartz, 
" precipitated oxides, viruses, bacteria, micro 
algae. 
- Dissolved Substances: inorganic salts, organic 
compounds. 
- Dissolved Gases: e. gs . H2S, NH3. . 
Various forces affect the filtration process and interact 
in varying degrees over the particulates. These 
interacting forces can be classified as transport 
mechanisms, attachment forces and purification mechanisms 
(Huisman 1974, and Ives, 1970). 
a) Transport Mechanisms: Processes by which particles 
are brought into contact with the sand grains. They 
include: 
Straining and Screening: Straining and screening occur 
predominantly in the surface of the filter bed. For clean 
SSF sand (effective size 0.15mm), the limit for straining 
and screening approximates particles of 20 um. Straining 
of particles slightly bigger than this size (e. g. diatoms 
in the size range 30-50 pm or other discrete particles) is 
an inefficient process which quickly clogs the bed's 
surface and increases the filter resistance. On the 
contrary, straining of large filamentous algae may be 
beneficial for the process given that a loose matrix 
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enhances straining efficiency by acting like a prefilter 
for the sand bed (Lloyd, 1974). The process of 
agglomeration of discrete particles in the filter 
supernatant and the development of the filter skin or 
smutzdecke enhances the process. 
Sedimentation: The settling action within the pores can 
theoretically occur in the upward facing surface area of 
all the sand grains of the filter. 
The combined surface area of a unit volume filter grains 
can be calculated from the relationship: (6/d). (1-P) where 
d is the grain diameter and P is the porosity. For lm3 of 
sand with a porosity of 38% and an average diameter of 
0.25mm the gross surface area of the grains amounts to 
15,000 m2. Making allowances for contact points and solely 
upward facing area, a conservative estimate of 1,000m2 per 
m3 of sand is reached. Assuming a filtration velocity of 
0.2 m/h, this would make available an equivalent surface 
loading of 0.2 x 10-3 m/h (Huisman, 1974). 
The sedimentation efficiency is a function of the ratio 
between the surface loading and the settling velocities of 
the suspended particles. Thus, according to Stokes, the 
settling velocities under laminar flow conditions would be: 
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U1gaP. dp2 
vP 
where dp = particle diameter 
P= density of water 
P+AP= density of suspended matter 
g= acceleration due to gravity 
V= kinematic viscosity of the fluid 
(3-1) 
For water at 20°c, V=1.01 x 10-6 m2/s and for organic 
particles (Ap/p - 0.01), complete removal will occur for 
particles with a diameter >, 4 pm. 
Lloyd (1974) suggests that smaller and lighter particles 
are only partially removed but their aggregation during 
downward movement will increase removal with filter depth, 
and quoting Ison (1967) argued the importance of 
sedimentation as an in depth process, demonstrated for 
kaolinite particles in the size range 2-10pm and with 
specific gravity 2.6. Huisman (1974) has stated that 
colloidal matter with particle diameters of 1 pm or less 
will not be removed by sedimentation. 
Inertial and Centrifugal Forces: These forces acting upon 
particles with a specific gravity higher than that of the 
surrounding water causes them to leave the flow lines and 
come into contact with the sand grains. 
Diffusion (Brownian Movement). Is independent of 
filtration rate. The Brownian movement makes the particles 
crash against grains and absorb. Lloyd (1974) quoting Yao 
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(1968) stated that plastic spheres of about fpm are too 
large for diffusion mechanisms to act over them. 
Mass Attraction. Referred to Van der Waals forces. It 
supplements inertial and centrifugal forces when particles 
come very close to grain surface. (Note that it is a weak 
attractive force, decreasing with the sixth power of the 
distance. ) 
Electrostatic and Electrokinetic Attractive Forces (Coulomb 
Forces). As Van der Waal's forces, mainly an attachment 
mechanism and only a contributory transport mechanism. 
b) Attachment Mechanisms (Also referred to as Adsorption) 
Electrostatic Attraction: Refered to attraction between 
opposite electrical charges. 
Pure quartz sand has a negative charge and is thus able to 
attract positively charged particles. Examples of these 
are crystals of carbonates, flocs of iron and aluminium 
hydroxide as well as cations (i. e. metals in solution). 
Colloidal particles of organic nature including bacteria, 
as well as clay, have a negative charge. This is one of 
the reasons why they are inefficiently removed by a newly 
commissioned filter. It has been suggested by Huisman 
(1974) that positively charged particles accumulate during 
the ripening period of primary adsorption until over 
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saturation occurs. The consequence is a renewal of charge. 
Secondary adsorption of negatively charged particles then 
follows. Lloyd (1974) concluded that the net charge for 
any unit area of filter medium is in continuous change. 
Quoting work of Van de Vloed (1955), presented the chemical 
analysis of sand from a filter after six years of 
continuous operation. During these six years the recorded 
organic matter removal efficiency had steadily increased. 
The analysis of the deposits coating the sand grains (10% 
by weight! ) showed 30% Fe203,15% A1203, up to 8% MnO2,6% 
Si021 2% CO32- and a high percentage of organic matter, thus 
confirming the multilayer adsorption concept. 
Electrostatic adsorption is thus one of the most powerful 
mechanisms for the removal of colloids given the large 
surface area available, approximately 15,000 m2/m3 of sand 
bed as stated above. 
London - Van der Waals forces: London - Van der Waals 
forces are mass attraction forces due to atomic interaction 
and are independent of the electrical charges of the bodies 
(Thomas, 1977). They are effective in holding together 
surfaces once they come into contact. Additionally, for 
particles in the colloidal state, if the electrical forces 
of repulsion are sufficiently reduced to permit contact, 
then the London - Van der Walls forces will cause the 
particles to stick to each other leading to progressive 
agglomeration, enhancing destabilisation and subsequent 
removal (AWWA, 1971). 
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Adherence: During the filter operation the surface of the 
filter as well as that of the individual sand grains 
develop a biological mass also known as zoogloea. This is 
a consequence of deposits of organic matter subsequently 
developed into breeding grounds of bacteria and other 
microorganisms. Lloyd (1974) has discussed the ability of 
some microorganisms to attach to sand grains using 
secretions which holds them to the substrate. This is 
termed active attachment as opposed to the passive 
attachment attributable to the zoogloeal film. Particles 
from the raw water tend to adhere to the sticky zoogloeal 
film when they are brought into contact by one of the 
transport mechanisms described earlier (Huisman, 1974). 
c) Purification Mechanisms 
The two principal mechanisms involved are chemical and 
microbiological oxidation although other biological 
processes involving various forms of animal and vegetable 
life play a significant part (Huisman, 1974). 
In the filter surface, bacteria derived initially from the 
raw water multiply selectively using the deposited organic 
matter as food. Part of this organic matter is assimilated 
as cell material during growth, and part is dissimilated 
during metabolic processes. The dissimilation products 
together with organic matter derived from the die-off 
process are carried away by the water to be subsequently 
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used by other organisms living at a greater depth. 
Degradable matter is in this way gradually broken down and 
converted into water, carbon dioxide and inorganic salts. 
The biological activity is more pronounced in the upper 
part of the filter bed, gradually decreasing with depth as 
food becomes scarcer. Below a depth of 30-40cros 
biochemical reactions take place converting microbial 
degradation products such as amino acids into ammonia, 
nitrites and nitrates (Nitrification) (Huisman, 1974, 
Ellis, 1985). It is important to understand the fact that 
different types of microorganisms are found at different 
depths, generating a sub division of the filter bed into 
zones where specific micro-organisms abound and produce 
defined effects. Two clearly defined zones are the upper 
autotrophic zone and the lower heterotrophic zone. 
The autotrophic zone activity is based on photosynthesis. 
It has been demonstrated that by excluding light from the 
filter and thus eliminating the algae, the effluent water 
quality is not significantly deteriorated. Schellart 
(1988) reporting on the Amsterdam Water Works states that 
by covering the SSF it has been possible to raise the 
filter velocity from 0.2 to 0.3-0.4 m/h and additionally 
produce longer and more regular filter runs. The 
autotrophic zone is thus considered to be non essential. 
There are nevertheless benefits in having this autotrophic 
zone above the sand water interface although its control is 
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not simple and can give rise to innumerable problems. 
Lloyd (1974) has stated that: 
"... (algae) will only have beneficial effects 
when they are regularly removed. When 
photosynthesis predominates over respiration, 
carbon dioxide uptake may raise the pH of water 
making it less corrosive, nutrient salts uptake 
may lessen the load on the sand filter bed and increased oxygen content may allow more organic 
material to be degraded in the heterotrophic 
zone. " 
Huisman (1974) has in his turn stated: 
"Algae use organic matter from the raw water to 
build up cell material and although when they die 
an equivalent amount of organic matter is 
liberated, the new material is more easily 
degradable than the old. There is little 
difference between a closed and an open filter in 
the average oxygen content of the effluent. But 
the oxygen consumption of the open filter is 
about 10 times that of the closed filter (15 mg/l 
compared with 1.5 mg/1) .... The chances of harmful organic substances (both living and dead) 
being destroyed are correspondingly increased. " 
The heterotrop hic zone corresponds to the top 40 
centimetres of the sand bed where a massive biological 
activity occurs (Ellis, 1985). Huisman (1978) quoted by 
Ellis (1988) has suggested that biological activity extends 
down to between 40 to 70cm, with the depth decreasing as 
the temperature of the water increases. This biological 
activity plays the principal part in the breakdown of 
organic matter, converting it into inorganic salts. 
The biological activity is also varied in nature. Wheeler 
et. al. (1988) have postulated the capacity of biofilms in 
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the upper horizon of the filter beds for the adsorption of 
viruses. Lloyd (1974) has produced evidence to suggest 
that although the primary process in removing bacteria is 
adsorption onto the active surfaces, a significant 
secondary role is ascribed to the sand grazing members of 
the interstitial fauna (protozoan ciliates) which may 
maintain surfaces receptive to further attachment. Duncan 
(1988) has demonstrated the direct relationship of influent 
particulate organic carbon (POC) and the size of bacterial 
and protozoan populations measured in the first 30cros of a 
filter bed. The reported experiments of Duncan (1988) 
suggest a degree of response of the complex sand ecosystem 
to influent variations of POC within the same filter run, 
characterising it as a dynamically stable system. 
There are three key parameters for biochemical oxidation of 
organic matter: time, oxygen and temperature. Contact 
time is guaranteed through an adequate filtration rate. 
Huisman (1974) recommends a minimum content of oxygen of 3 
mg/1 to avoid anaerobic conditions, and states that certain 
circumstances may call for aeration of the raw water to 
increase the oxygen content or pretreatment to lower the 
oxygen demand. 
Temperature influences the speed of the chemical reactions 
and the rate of metabolism. At high temperature the 
metabolic rate of micro-organisms is higher. Predators 
require more food and oxygen. The pathogenic bacteria also 
increase their metabolism and die because of lack of a 
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suitable environment and food. High temperatures therefore 
enhance the removal efficiency of biodegradable matter and 
pathogenic micro-organisms up to about 30°c when oxygen is 
likely to become limiting. 
The opposite occurs at low temperatures. The activity of 
bacteria-consuming protozoa and nematodes drops sharply 
with temperature at the same time that the metabolism of 
intestinal bacterial slows down. Burman (1963) reported 
falls in removal efficiency of E. Coli from an annual 
average of 99% to 41% during a "cold spell" of weather at 
2°c of temperature and less. 
Bellamy et. al. (1985) have reported a decrease in removal 
of total coliform bacteria from 97% at 17°c to 87% at 5°c, 
and effluent concentrations of standard plate count 100 
times higher at 2°c than at 17°c . However, giardia cysts 
removal were uniformly 100% at both 17°c and 5°c. The tests 
reported were conducted in a pilot plant. 
It is obvious from the discussion that the purification 
process inside the filter bed relies on a complex and 
stable ecosystem. Although the ecosystem adapts to the 
available food, changes in filtration rate or fluctuations 
in the influent water quality should be minimised. The 
efficient performance of a SSF relies on an adapted 
ecosystem, and factors which violently upset the 
equilibrium will inevitably deteriorate the effluent 
quality. 
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3.1.2 Physical Aspects of Slow Sand Filters 
Sand: The sand should be composed of hard and durable 
grains, preferably rounded, free from clay and organic 
matter. It is generally necessary and desirable to wash 
the sand prior to its deployment in the filter. This 
should also remove the very fine grains improving the 
uniformity and porosity. 
The effective size (dlo) defined as the size of the sieve 
opening through which 10% of the material will just pass 
should fall within 0.15-0.35mm. The coefficient of 
uniformity C. U. is defined as the ratio between the size of 
the sieve opening through which 60% of the material will 
pass, to that of the effective size, (d60/dlo) .A degree of 
uniformity is desirable to ensure a reasonably regular pore 
size. A C. U. of less than 3 should always be chosen and 
less than 2 is preferable (Huisman, 1974). Material finer 
than the specified d10, or a close pack due to a large 
uniformity coefficient promote fast clogging. 
The importance of adsorption onto the substrate surface has 
been stressed throughout the Section. Theoretically a sand 
with a C. U. of 2.0 and a dlo of 0.15mm would yield a total 
surface area of 15,000 m2/m3 of filter bed, whilst a sand of 
C. U. 3.0 and dlo of 0.35mm would yield 5,000 m2/m3 . This is 
3 times less in absolute terms. However, authors such as 
Ives and Jain (1974), and Huisman (1974) have concluded 
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that fine and coarse material work satisfactorily in 
practice, and the final selection should depend on the 
locally available material. It could be postulated that 
adsorption is dependent on the specific surface area 
available and this is intimately related to the sand 
characteristics. Nevertheless it would appear that within 
the range of uniformity and size commonly recommended for 
SSF the surface area available for adsorption (being so big 
in any case) will not in practical terms be the limiting 
factor for the efficient performance of filters. 
The depth of sand bed is the other important variable. It 
has been recognised that the biological activity is carried 
on mainly in the top 30-40cros of the filter bed and that a 
zone of mineral oxidation occurs in the subsequent 40 to 50 
cms (Huisman, 1974). From this point of view, beds should 
be resanded when they reach a minimum of 0.70m. Given a 
minimum allowance for approximately 0.5Gm for skimming 
during an economic operation cycle, the initial depth of a 
SSF bed should be 1.20 - 1.40m (Huisman, 1974). 
More recently some of London's slow sand filters have been 
operating from beds with initial depth of 0.90m, and which 
are resanded when they reach a minimum depth of 0.30m 
(Toms, 1988). It has to be stated that this is done under 
circumstances of extremely careful operations management, 
and of the exceptional raw water quality that Thames Water 
reservoir management schemes provide. It is doubtful that 
small community supplies in developing countries would 
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achieve these operating conditions. 
Velocity: Velocities of 0.10-0.25 m/h have been usually 
promoted as adequate for SSF (Van Dijk, 1978). However, 
under circumstances when a good raw water quality can be 
guaranteed there has been the tendency to increase the 
filtration rate to 0.3-0.45 m/h without significant 
deterioration of the effluent quality (Schellart, 1988). 
The effect is to extend the purification mechanisms deeper 
into the filter bed. It should be stressed however that 
the influent water quality is determining in filtration 
rate increment, and it is very much doubted if filtration 
rates of the order of 0.4 m/h will be possible in small 
community SSF works. 
Filter Resistance: The nature of fluid flow within the 
filter bed is characterised by the Reynolds Number (Re). 
For a SSF with sand grains of about 0.3mm and a filtration 
velocity of up to 0.3 m/h and a temperature of 20°c, Re will 
be 0.025. Hence laminar flow can be assumed so the filter 
resistance H through a clean bed is in accordance with 
Darcy's law: 
H= Vf .h/K (3-2) 
where h is the thickness of the bed, K is the coefficient 
of permeability and Vf the filtration velocity. 
The coefficient of permeability is a function of 
temperature, porosity of the filter medium, a shape factor 
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or sphericity coefficient, and the specific diameter of the 
sand grains. This basic equation is valid for the initial 
filter resistance and within normal SSF operating 
conditions it should be of the order of 0.10 to 0.50m 
(Huisman, 1974). 
As filtration proceeds deposits of solids accumulate in and 
upon the surface layers of the sand bed reducing the pore 
space and increasing the filter resistance. The time taken 
is dependent on the amount of suspended matter carried by 
the raw water, the rate of filtration, the filter bed 
characteristics, and the microbiological growth rate 
(Woodward and Ta, 1988). 
A common build up pattern of filter resistance will show a 
slow increase at the beginning of the filter run and a 
sharp increase towards the end. Because of this effect, 
filter runs are not significantly lengthened by raising the 
filter walls to allow supernatants of more than 1.50m. 
The filter resistance develops predominantly in the first 
few centimetres of the filter bed. If the filter was 
allowed to run indefinitely, eventually negative pressures 
would build up and air bubbles develop in the bed. A 
simple mechanism to avoid this is to place an effluent weir 
with an overflow level above the sand level. (See Figure 
3-1. ) Furthermore, this simple device avoids draindown of 
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the filter bed when the influent water is accidentally 
interrupted (which happens all too often in small communal 
supplies). 
Drying of the sand bed when drained down leads to death of 
the active biological population of protozoa and metazoa. 
This should be avoided by all means in order to minimize 
ripening times (Lloyd, 1974). 
Operation: Continuous flow at predetermined rates is a 
fundamental parameter of SSF operation which is too often 
overlooked in small communities of developing countries. 
This vital need is represented in the two diagrams of 
Figure 3-1 which shows the appropriate layout of an outlet 
and inlet flow controlled SSF. The tendency is to minimise 
the moving parts and expensive valves. In principle both 
schemes operate satisfactorily. Other key aspects are 
referred to in the text and the figures; most of them are 
related to the critical technical failures reported in 
Tables 2-3 and 2-4 of Chapter 2. 
The effluent weirs referred to when discussing accidental 
draindown of the filter beds are present in both schemes. 
The reader is referred to Figure 2-4 which shows a typical 
SSF construction in Peru. Provisions to avoid negative 
pressures or draindown are not considered in this design 
and the problem of draindown was constantly reported as a 
defect of operation. 
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Cleaning of SSF in small communities is performed manually 
by skimming the top 2-5cms of sand. It should be noted 
however that efficient pretreatment is likely to yield 
effluents with finer particulate matter which could 
penetrate deeper and require deeper skimming practices. 
This aspect is further discussed in Chapter 6. 
After the cleaning operation, a well established practice 
is to run the filter to waste for some days until the 
biological activity has been re-established (ripening time) 
and the effluent quality can be guaranteed. 
3.1.3 Discussion - The Case for Pretreatment 
It is very clear from the presentation of the theoretical 
basis of SSF that the process, biological in nature, 
requires one fundamental mechanism for its effective 
performance: continuity. Continuous operation is the only 
way in which the complex ecosystem can adapt to the 
operational conditions and perform with excellence. 
However, continuity of the process can only be achieved by 
adequate filter run lengths. According to Huisman (1974) 
filter runs are dependent upon: 
- the quality of water 
- the climatic conditions (specially temperature) 
- the filtration rate 
- the characteristics of the filter medium. 
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The climatic conditions have to be accepted; the 
filtration rate can be varied within narrow ranges; and the 
characteristics of the filter medium will usually for small 
community supplies depend on the locally available material 
as discussed earlier. . It is the raw water quality which 
should therefore be conditioned (when required) to meet the 
stringent needs of SSF. 
For small community supplies, raw water is usually 
abstracted from small to medium size water courses or 
irrigation canals. These small water courses present 
seasonal variations in suspended solids contents. The 
rainy season, usually only a few months of the year, brings 
spells of high solids loads. Their magnitude and duration 
depending on the characteristics of the catchment basin. 
The quantity of solids load concentration that a SSF can 
tolerate is debatable. Wegelin (1986) has stated that it 
should not exceed 3mg SS/1. Visscher et. al. (1987) 
sustains that SSF can tolerate turbidities of 30 NTU for 
some days (although stating that pretreatment is 
advantageous). 
In the author's experience, SSF should not be subjected to 
turbidity loads of more than 20TU for more than a few hours 
or the filter resistance will rapidly increase. The 
frequent clogging of SSF in rainy seasons (filter runs of 
a few days in the best of cases) renders the process 
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inefficient and leads to the abandonment of SSF 
installations as detected in the small communities of Peru. 
Slow Sand Filters should not be operated erratically, and 
will perform optimally only within the range of conditions 
for which they were designed. Certainly high loads of 
solids are not a favourable condition and should be 
avoided. IRC has reported that one of the main findings of 
their SSF demonstration programme is that during the rainy 
seasons raw water require pretreatment before slow sand 
filtration (Smet and Visscher, 1989). Graham (1988) has 
also categorically stated that SSF will remain an effective 
process provided appropriate pretreatment is incorporated. 
Pretreatment appears to be the technical link missing from 
the SSF technology for small communities in developing 
countries. It is not stated that it represents the only 
factor for the failure of the technology. It is postulated 
however that unless the SSF influent water quality can be 
guaranteed throughout the different operation conditions 
the process will fail. It is in summary postulated that an 
adequate pretreatment stage should be developed, adapted 
and tested to complete the technical requirements of SSF 
plants for small communities water supplies in developing 
countries. 
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3.2 PRETREATMENT TECHNOLOGIES 
The need for an effective pretreatment stage prior to SSF 
has been well established. This Section will discuss the 
various pretreatment options proposed in the literature, 
and the advantages and disadvantages of the most relevant 
ones to small community supplies. 
3.2.1 Pretreatment Options 
The need for an effective pretreatment technology is well 
recognised. Table 3-1 presents the various options 
discussed in recent selected references. 
The use of prefiltration with coconut fibres and burnt rice 
husk with varied degree of success has been reported in 
South East Asia (Frankel, 1974). Recent research has shown 
however that problems of taste can develop when the 
material is allowed to decay in the filter (research 
conducted in Brazil; personal communication with Canepa L., 
1987). 
Technologies like pebble matrix filtration and modular sub- 
sand abstraction are still in the development stage 
although they have been the subject of detailed academic 
studies (Ives and Rajapakse, 1988; Smet and Wheeler, 1989). 
Roughing filtration technology using gravel is one for 
which all authors showed unanimous approval and it will be 
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TABLE 3-1: Pretreatment Options for Small Community Water 
Supplies. Recent Selected References. 
PRETREATMENT 
TECHNOLOGY 
Schulz & 
Okun 
(1984) 
Wegelin 
(1986) 
Graham 
(ed) 
(1988) 
Smet & 
Visscher 
(1989) 
- Storage " 
- Intake Filters " " 
- Dynamic Filters " " 
- Modular Sub-Sand " 
abstraction 
- Grit Removal " 
- Plain 
Sedimentation " " " 
- Tilted Plate " 
Settling 
- Roughing 
Filtration 
* downf low " " " " 
* upf low " " " " 
* horizontal flow " " " " 
- Coagulation & " 
Flocculation 
- Rapid Sand 
Filtration 
- Pebble Matrix 
" " 
Filtration 
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dealt with in a subsequent Section. There are other so 
called "conventional" pretreatment options which deserve a 
closer analysis. They are extended storage, sedimentation 
and coagulation/flocculation, and rapid sand filtration. 
Rapid Sand Filtration (RSF) is an effective and efficient 
technology and it is effectively used as a pretreatment 
prior to SSF in many water works of industrialised nations. 
RSF is however a technology whch requires frequent cleaning 
by backwashing with mechanical equipment. This is a 
completely different technological level to SSF and indeed 
what is being proposed for small 
. 
community supplies 
(Wegelin, 1986). 
Coagulation and flocculation is also a well established 
water clarification technology. However, the operation 
depends on the use of chemicals and a dosing process 
control. Both aspects make the technology specifically 
unsuited for rural conditions. 
Plain sedimentation, for its simplicity, has been 
historically the unit process selected as pretreatment 
prior to SSF in small communities (IRC, 1980). 
Sedimentation occurs when water flows at low velocities and 
turbulence is no longer able to keep the particles in 
suspension. Design parameters are usually derived from 
settling tests. Frequency distribution plots produce the 
critical settling velocity value for a given (design) 
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percentage removal of particulate matter (see Figure 3-2a). 
This settling velocity is effectively the surface loading 
parameter also defined as: 
so = Q/A 
where Q 
A 
So 
= flow, L3/T 
(3-3) 
= surface area of the settling tank, L2 
= surface loading, L/T 
The formula states that for a particular suspension of 
discrete particles, the clarification efficiency of a 
continuous flow basin soley depends on the rate of flow and 
the surface area of the tank. The efficiency is 
independent of the depth of the tank and the detention time 
(Hazen, 1904, quoted by Huisman, 1989). 
Although the theory of sedimentation appears 
straightforward, authors such as Huisman (1989) have 
discussed the contradictions arising from the control of 
negative factors such as turbulence and short circuiting. 
Laminar flow is defined by the Reynolds Number, Re: 
Re =VR/ ý/ 
where V= velocity 
R= hydraulic radius 
V= Kinematic Viscosity 
(3-4) 
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With temperatures of 20°c and V= 1.01 x 10-6 m/s, assuming 
R= lm, and Re <2000 for laminar conditions: V< 2mm/s. 
However, variations in temperature, suspended solid matter 
content and wind make the detention time vary significantly 
implying larger surface loadings and efficiency decrease. 
In order to limit such decrease the Froude Number, Fr, 
should be high (> 10-5). 
Fr = V2 /gR 
For R= im :V> 10mm/s 
It is thus theoretically impossible 
(3-5) 
to satisfy 
simultaneously the requirement for no turbulence 
(V < 2mm/s) and no short circuiting (V > 10mm/s). 
(Discussion by Huisman, 1989). 
In practice compromises are reached for design, but the 
inefficiencies of small settling basins are well 
recognised. Wegelin (1986) has suggested that in practice 
plain sedimentation will not be able to remove particles of 
less than 20 im, and Shultz and Okun (1984) have suggested 
lOum as the lower limit of efficient removal. In both 
cases the ranges appear as unsuitable for the stringent 
needs of a SSF. 
A conceptual improvement in sedimentation theory which 
overcomes the technological contradictions described in the 
preceeding paragraphs is Tilted Plate Settling (TPS). 
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Although the theory was developed at the beginning of the 
Century by Allen Hazen, it was put into practice only in 
the 1960's (Castilla, 1989). A tilted plate separator 
structure is presented in Figure 3-2c. The conditions of 
flow allow it to maintain laminar and stable flow (low Re 
and high Fr) (Huisman, 1989). The size of the structure 
can be reduced to as much as 10% of a normal settler. 
However simple the concepts and layout, difficulties in the 
operation have given rise to problems such as resuspension 
(shown in Figure 3-2d). This problem has been overcome in 
industrialised nations with special modular settler forms 
(see Figure 3-2e), but for small communities simple flat 
plates should still be used (Huisman, 1989). An additional 
problem is related to their high solids removal efficiency 
in connection with their small area. Frequent sludge 
removal is required and consolidation of deposits may 
present a problem. Little information exists in the 
literature regarding the use of TPS with no coagulation and 
specific tests should still be performed for every location 
(Castilla, 1989). 
It can be appreciated that although the use of settlers is 
widespread and that there is a potential for technological 
improvement, it still remains unreliable as a single 
pretreatment stage for SSF. 
Storage is by definition a process which involves high 
detention times (weeks to months). It provides the best 
-65- 
pretreatment for extrememly turbid water - ie annual 
average turbidity over 1000 NTU (Schulz, 1989). Storage 
serves several purposes: 
i) Reduces turbidity by natural sedimentation. 
ii) Attenuates sudden fluctuations. 
iii) Improves bacteriological quality. 
iv) Improves reliability of supply. 
v) Source can be closed in periods of excessive 
turbidity. 
It should be remembered that the complex ecosystem in SSF 
beds is adapted to the influent quality of water. Storage 
provides in this sense a good source with minimal 
fluctuations. (This is one of the reasons why the London 
water supply is such a sensible technological application). 
Storage has the major disadvantage of the production of 
algae. This can overcome all the advantages if not managed 
properly and is a complication under rural conditions. 
Besides this, it is an expensive solution and it will be 
rarely adopted exclusively for water supply purposes in 
small communities. 
The concepts discussed for the several pretreatment options 
are presented in Table 3-2 as a summary of advantages and 
disadvantages. In all cases the disadvantages appear 
insurmountable and prejudice their application and the 
effective use of SSF in small communities. 
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TABLE 3-2: Conventional pretreatment options for the 
treatment of turbid surface water in small 
communities. Advantages and disadvantages. 
Process Advantages Disadvantages 
Storage Effective for extremely High construction 
turbid rivers, i. e. yearly cost, usually used 
average 1000 NTU in multi-purpose 
projects 
Atenuates fluctuations in High algae 
source quality and quantity development 
Improves substantially the Vulnerability 
bacteriological quality and 
reduces turbidity 
Plain No use of chemicals Does not remove 
Sediment- particles of less 
ation Economic construction and than 10-20 um 
operation 
High temperature (low water 
viscosity) enhances 
particle sedimentation 
High turbidities settle 
better than low turbidities 
Simple tests for design 
Coagula- Effective and efficient Use of chemicals 
tion, 
Flocula- Careful process 
tion, control required 
Sediment- 
ation High skills required 
Expensive 
Rapid Sand Effective and efficient Requirements of: 
Filtration - mechanical 
equipment 
- careful process 
control 
- high operating 
skills 
Different 
technological level 
from slow sand 
filtration 
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3.2.2 Roughing Filtration Technology 
3.2.2.1 Theoretical Basis of Roughing Filtration 
The theoretical analysis will discuss two aspects; the 
normal operation which covers removal mechanisms, filter 
resistance build-up, and biological activity; and the 
maintenance of the units (removal of solids deposits). 
A. OPERATION 
Removal Mechanisms 
Two steps are needed to bring about clarification as 
discussed earlier: transport and attachment. The transport 
step moves particles from the stream flow into contact with 
the surface of the filter medium. These transport forces 
can be grouped into gravitational, inertial and 
electrostatic forces. The attachment step (physical and 
chemical bonding), is subsequently needed to hold the 
particulate matter onto the surface of the media (Olman and 
Bauman, 1977). There is also increasing evidence that 
biological processes are present and active in roughing 
filtration. It accounts for part of the removal efficiency 
and specially for the consolidation of deposits of 
particulate matter onto the surface of the gravel beds. 
(Trueb, 1982; Pardon, 1988; Wolters, 1988; Smet et al, 
1989; Wegelin, 1989). The individual removal mechanisms 
have been covered in additional detail in Section 3-1. 
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Much intellectual effort has been devoted to the 
development of mathematical models to describe filtration 
cycles. Although initial filter resistance calculations 
can be accurately predicted (based on characteristics of 
flow and filter medium, and physical properties of water), 
modelling of the filter cycle has been jeopardised because 
of the difficulties in predicting the space that the 
trapped solids will occupy, or their arrangement within the 
filter bed (Olman, 1977). This is specially true for very 
turbid heterogeneous suspensions being deposited in non 
uniform filter beds. 
However, some progress has been made in mathematical 
modelling. Iwasaki (1937) based on studies on SSF first 
introduced the concept of an impediment modulus (filter 
coefficient) to relate the change in filtrate quality to 
the depth of the filter bed. His basic equation was: 
- dc =Äc 
dl 
c= concentration of particles 
1= filter length 
A= impediment modulus (filter coefficient) 
(3-6) 
Since then many authors have made refinements to the basic 
equation. The most salient ones have been transcribed from 
Di Bernardo (1984) and presented in Table 3-3. They vary 
substantially among themselves as each was usually 
developed for specific applications. 
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1ft, : hematical Models in filtration 
scription from Kavanaugh, 1974, 
quoted on Di Bernardo, 1984. ) 
- dc/dl =f (c, a , parameters of the model) 
Researcher Type of Function Relationship between the No. of (year) 
suspension Parameters and the Physico Para- f 
-Chemical Variavels meters 
Iwasaki (1937) Discrete (0) a, (1+K, a) C X" 0- v, "3 2 
Stain (1940) 
Flocculent ao 0 +K, am 
Ao ad3D'' 5 (F) 02 = Xo(1-K, a/1-K, Ou)` "C 
Ornatski (1955) (D) (Ae - k, WC )Lo a V; 2 
Mintz (1960, 
(F) XC- 
Cool 
X. aVm"ýD-ý"ý 2 
1966) au 
Maroudas a 
Eisenklam (D) \, 
(1_. )c L 2 
(19641 cu 
a=a' 
Xa+a, 0- C 
Eo -c 
Ives (1962.1967) (D) 3a5 
a' NZ a Y ) CX, (1+ (1 
1 j - 
( 
C 
E E a. 
Ives e Sholji (DI 
(X, 
+ a, O- 
a. ýC 
a, a0 Vm µý "' 3 (1965) \ Eo Q 
a, aD'VmJ1i 
Ison a Ives 
(1969) 
(D) ae f(U)C Jýo aµ d3 " D-1 -4 . Vm 
Not 
specified 
Sakthivadival 
(D) (X, + k, a)C a, = f{t" R. G'1 2 (1966) 
ýC 
ýo= 
ý ý fKce_KiPm_*} 3 
Agrowal (1966) (0) e (F) onde 31-E, 1 V 
_ 2( 0n + XS 
Heer-ties e (F) 
O 
X, 1- C 
k, (1 E, ) A, , 
' ýO 
1 
Lark (1967) E, {1 -D - Vm 
Litwiniszyn k, (e, - Q)C - k, 0 2 (1967) 
Herzig e ourros X, F (0) C 2 
(1970) Vm 
Deb (1969) (D) 
C 
(Eo -G) + 
K 
A" 
Q 
Kl 
f (a)Q 
3 
at V m 
XC 'X f (n, ) Latex 
Yao at al. 
1970 
micro- 
spheres 
3 (1 - E, ) 
n onde a= - Fit, ND[F G'1 
2 
( ) 2 0) 
Oil kn -31 
e'). 10 
n0 
1 (spielman (1968) emulsion ff01 
2 
K, (I)' F(NAdj 
Spielman e Fitzpatrick Latex an 
(1972) micro- T7 = K, (N, )2FINAd, G', N, rl 1-2 
Spielman a Cukor spheres x= fiat 
(1972) 
Wright (1973) (F) 
Q 
\a (1 --C 2 
filter coefficient 
= 0 
initial filter coefficinet 
D size of filter media grains 
C= concentration of particles 
0= filter load 
V= approximation velocity 
µ= absolute viscosity of water 
- 70 - 
Probably the most important contribution comes from Ives 
among others, which related the change of the filter 
coefficient to the evolution of solid deposits in the 
filter bed (Ives, 1975). 
A 
Ao =f (O o) (3-7) 
the term üv is filter load (volume of deposit of solids per 
unit volume of filter bed). It varies with position in the 
bed and with time, and is a function of the different 
process variables, (filtration velocity, filter media 
characteristics, and suspension characteristics). 
The specific relationship is represented as: 
A= Ä0 + Kl 6v- K2 a 2 
(3-8) 
Po - ßV 
K1, K2 = constants to be determined experimentally 
A0 = initial filter coefficient (clean bed) 
Po = initial porosity of the bed 
This mathematical expression has been shown to conform with 
field observatios (Di Bernardo, 1984). The equation takes 
into account aspects as the initial increment in filter 
efficiency with the increment of specific surface due to 
solids deposits; progressive decrease of available space 
for deposits and reduction of the retention efficiency due 
to increase in interstitial velocity (Wegelin et al, 1987). 
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(See also Figure 6-15, Chapter 6). 
More recently IRCWD - Switzerland has conducted specific 
tests on the removal of particulate matter through 
horizontal gravel beds using artificial suspension made 
with Kaolinite (Wegelin et al, 1987). A particle specific 
filter coefficient analysis was proposed. Based on 
Eq. 3-6: 
dCi = xi Ci 
dx 
(3-9) 
Where the subindex, i, denotes particle range. Integrating 
Eq. 3-9 yields: 
- Ai. Ax Cie = Cio G (3-10) 
used to predict the filtrate quality at any distance Ax 
along the filter length. Additionally: 
K21 a2 
xi = xio + K, 6v 
Po -ßv 
(3-11) 
Wegelin et al (1987) simplified Eq. 3-11 by removing the 
second factor, K1 6 s,, after observing no 
increase in filter 
efficiency during pilot scale filter operation. It was 
argued with reason that surface area increase plays a minor 
role for additional deposits given the size magnitudes 
involved in gravel filtration, and that straining could be 
_? 2_ 
neglected. (See also Figure 6-16) 
The basic theory and the mathematical models used were 
calibrated against extensive pilot scale trials and a 
comprehensive set of design parameters proposed (Wegelin, 
1986). These practical applications will be discussed in 
the next Section. 
When assessing the development of deep bed filtration 
theory it has to be born in mind that much of the original 
work was developed having in mind preclarified waters and 
short filter runs. Under these circumstances, models took 
more into account the physical properties of the filter 
medium, and physical and physico-chemical characteristics 
of the influent water. The treatment of waters with high 
solids concentrations and protracted filter runs presents 
a new dimension to filtration theory where particulate 
matter characteristics play a fundamental role in the 
clarification process. It is encouraging to observe that 
this is the direction that current research is following. 
Filter resistance build-up 
As suspended solids are removed, deposits are formed within 
the bed restricting flow in the void space between the 
grains of the filter medium. The filter begins trapping 
solids near the entrance and as the filter run progresses 
the removal is transferred to greater depths (Elliassen, 
1935). As void space reduces at a given section within the 
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filter, the velocity of the liquid increases. This in turn 
increases the drag force and hence the pressure loss 
through the bed as the run progresses. 
This also affects the removal mechanisms given that whilst 
increased velocities will increase the effectiveness of 
inertial forces, it will diminish the effectiveness of 
gravitational forces (Olman, 1977). Wegelin et al (1987) 
have stated the importance of increased interstitial flow 
as sedimentation is the most important removal mechanism 
for HRF. Scour forces will render the attachment 
mechanisms less effective. Finally the increase of 
velocity at a given level drives some particles deeper into 
the bed. Adequate velocity rates are important for 
optimising sizes of filters and for the efficient 
utilisation of the entire filter bed (Olman, 1977). 
There is a difference between the filter resistance as a 
function of solids deposits (or time) in a filter run, and 
the filter resistance as a function of filtration rate. 
During a filter run when filtration rates are held 
constant, filter resistance will increase with time. 
According to Olman (1977) the shape of the filter 
resistance evolution curve with time is a function of the 
predominant mechanisms in operation. Surface removal 
presents exponential curves, uniform absorption through a 
filter bed shows linear curves, and straining presents 
concave upward curves. In all cases however, filter 
resistance through the filter medium and removed deposits 
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is linear with velocity. In roughing filters, solids are 
deposited through-out the filter bed. Not 
surprisingly the filter resistance evolution with time 
represents a straight line (Wegelin et al, 1987). 
Mathematical models have been extensively developed for 
deep bed sand filters (rapid sand filters) given that 
filter resistance governs the operation of. the units. The 
relationships have been usually developed relating the 
increase of filter resistance to the amount of solids 
retained in the filter bed (Di Bernardo, 1984). 
The original work of Trueb (1982) in extended gravel filter 
beds (20 m long, filtration velocities greater than 10 m/h 
and gravel fractions in the range of 25 -4 cms), proposed 
the following relationship: 
Io =K dp Vf2/2g (3-12) 
Where K is a function of the Reynolds Number (a function of 
the water viscosity, filter media size and velocity), and 
the porosity of the bed. Trueb (1982) concluded that for 
the type of operation proposed the pore space would have to 
be constricted to less than 10% for any signficant filter 
resistance to arise. 
The experience reported by Wegelin et al (1987) is 
specially relevant given that it was also developed and 
calibrated with gravel filter beds. The initial hydraulic 
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gradient, Io, through the clean gravel bed was derived from 
the equation of Carman and Kozeny: 
a Io = Ko V f/d9 (3-13) 
Where KO is a constant dependent on filter porosity, shape 
of filter material and viscosity of water. It was 
demonstrated that the hydraulic gradient increased with the 
filter run as a linear function of solids deposition (Id = 
f (Q)). In this way: 
Itot = Io + Id = Vf/dg2 (Ko + Kd 0" ) (3-14) 
With K. and Kd as constants developed experimentally. 
particulate 
Recent experiences have shown that even at high filter 
loads, for gravel sizes of more than 4 mm, lengths of less 
than 6m and velocities of less than 1 m/h, the filter 
resistance is minimal (Wegelin et al 1987; Wegelin, 1989; 
Pardon, 1987). 
The filter cycle must be terminated when the headloss 
reaches some limiting value; when suspended solids begin to 
escape at undesirable concentrations; or when the filter 
run has become so long that biological activity can 
prejudice operation (decomposition), and maintenance 
procedures (consolidation of particulate deposits) (Olman, 
1977; Pardon, 1987; Wolters, 1988; Wegelin, 1989). 
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B. MAINTENANCE 
The development of an efficient cleaning mechanism is of 
vital importance for the success of the technology. It 
should be said that currently there is no demonstrated 
effective means of achieving this goal. However some 
ground has been covered and this section will concentrate 
on this important issue. 
The cleaning operation encompasses 3 stages (see also 
Figure 3-3a): 
1. Destabilisation of the solids deposits from their 
resting position in the filter bed. 
2. Transport of the dislodged deposits through the porous 
bed to the underdrains. 
3. Evacuation of the solids through the underdrains. 
The destabilisation of the deposits is a function of the 
scouring forces due to the cleaning velocity (Va), the 
discharge flow (Qd), the filter media size (dg) and the 
porosity of the bed (PS); and to the cohesion of the 
deposits (Cs) . Clearly the length of time that the scouring 
forces are applied over the deposits has an effect on the 
destabilisation efficiency. Hence the volume of water (Vw) 
available will prove critical in some circumstances. 
The transport of the resupended solids through the bed will 
depend on the discharge flow (Qd), the volume of available 
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water (VW), the distance involved (vertically and 
horizontally to the underdrain), and the viscosity of the 
solids deposits. On a similar discussion by IRCWD (1988), 
a different viscosity of the solids deposited at the bottom 
of the filter bed is suggested. 
Part of the normal operation process appears to be the 
drift of removed solids towards the bottom of the filter 
unit. A big proportion of solids has been observed by the 
author in this position (although not quantified), during 
excavation operations. This effect was also reported by 
Wegelin (1984) after observations of the behaviour of 
discrete Kaolinite particles. 
It is presumed that although biological development in 
gravel filters can promote consolidation and cohesion of 
removed solids, this will reduce but not eliminate 
completely the drift effect. 
The drift process has been reported by Wegelin (1984) as 
permanent and should be enhanced during the drainage 
operation. Clearly further research is required, but if 
these effects were demonstrated under field conditions, a 
case could be postulated for the efficient elimination of 
the bottom deposits together with the enhancement of the 
drift during hydraulic drainage (at adequate time 
intervals). The current practice attempts to wash the 
deposits simultaneously from the entire bed. 
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The operation would then call for an optimal design of the 
underdrainage system, critical operation procedures (ie 
shock loading as suggested by Wolters, 1988), and 
optimisation of cleaning frequency (according to the raw 
water characteristics). 
The evacuation of the solids is dependent on the 
characteristics of the underdrainage system and the 
discharge rate Qd. (A detailed discussion is presented by 
Wolters, 1988, and Wolters et al, 1989). 
There are two reported lines of research which have 
contributed to the understanding of the relative importance 
of each one of the variables just mentioned. The first one 
comes from Colombia with moderate cleaning velocities (4 - 
6 m/h) coupled to a shock loading operation (sudden opening 
and closing of the drainage gate valves) in order to 
dislodge deposits with pressure waves (Wolters, 1988). 
This operation has proven effective in increasing the 
solids removal over consecutive drainage operations 
(Wolters, 1988; Galvis et al, 1989). A comparative set of 
solids removal curves are shown in figure 3-3 (b) and (c). 
In this operation the velocities remains a vital component 
given that both the magnitude of the shock waves and the 
transport effect are functions of it. 
The second reported line of research comes from Peru where 
an enhanced volume of water (1.3 m3/m2 bed) and high 
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drainage velocities (60-90 m/h) have been used for the 
cleaning operation (Pardon, 1988). The mechanisms are 
dealt with in detail in Chapters 4 and 5. 
Recently IRCWD (1985) has suggested the role of the 
transition flow regime in the development of small eddy 
currents for the resuspension of deposits in the filter 
bed; and the role of the turbulent flow regime in the 
removal of sludge deposits from the bottom of the filter 
structures. Further research is required for both aspects. 
The development of an effective hydraulic cleaning 
technique is paramount for RF technology. It is suggested 
that key criteria for this development should include 
simplicity of operation and maintenance, adequate removal 
efficiency, and minimum disruption of the supply during the 
process. 
3.2.2.2 Different Schemes Of Roughing Filtration In 
Gravel 
Roughing filters have been classified by Visscher and 
Galvis (1987), and Wegelin (1988) according to the 
direction of flow and other salient features as: 
- Intake filters (IF) 
- Dynamic filters (DF) 
- Down-flow roughing 
filters (VRF-d) 
- Up-flow roughing 
filters (VRF-u) 
- Horizontal-flow roughing 
filters (HRF) 
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FILTER TYPE 
(Filtration Rate) LAY -0UT 
river Meir 
Intake Filter 
(2-3 m/h) utm 
3-4 m 
canal 
Dynamic Filter 
(0.6 -1m/ h) 
10.5m 
5-1Om 
Down - flow 
Roughing Filter ": """: ý:: ": " 1 : 1-1.5m 
(0.3 -1 m /h) " 'ý=ý' ' --- ----- ------ 
Up "" "" Roughing Filter .... '. ': ..... 1-1.5m 
(0.3- 1m/ h) won ------ ----- ----- 
Horizontal -flow " "" " "" . .. .. ;:: -. _: ý . :. Roughing Filter . . . . . . . . ., , i-1.5 m 
6-12m 
key 
FIGURE 3-4: 
--- raw water 
-- f low direction 
filtered water 
drain 
"'": ": 12 -18 mm 
size of = 8-12 mm filter 
4- 8 mm material 
ý Z== 1- mm 
Basic Characteristics of Prefilters. 
Wegelin (1988) 
Source: 
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Figure 3-4 shows schematically these different 
technological approaches. 
Design parameters of roughing filters. The following 
design parameters have been suggested by Wegelin (1986) for 
HRF although they can be extended to the other schemes. 
Design criteria: 
* Required effluent quality (AC) 
* Required daily output (Q) 
* Required filter run length (Tu) 
* Maximum allowable filters resistance ( H) 
Design variables: 
* Filtration rate (Vf) 
* Filter material size (dgi) 
* Length of filter (lfi ) 
* Cross-sectional area of the filter (A) 
The variables are interdependent as can be seen, (source: 
Wegelin, 1986). 
Variables 
Criteria 
Vf dgi ifi A 
Ac x x x 
Q x x 
Tv x X X 
H X X X 
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As previously suggested, when velocities are kept to less 
than 1 m/h and filter material bigger than 4 mm, filter 
runs may become less a function of allowable headloss and 
more of the consolidation of solids deposits in the beds 
due to physical, chemical and biological processes. It is 
obvious that under these circumstances the quality of water 
is an additional vital design variable. Special attention 
should be given to organic content and particle size 
distribution. Guidelines currently available for design of 
the different prefilter units are presented in Table 3-4 
and a brief discussion of operating principles for each 
technology follows. 
Dynamic filters operate by allowing a lateral flow above 
the filter bed. This is achieved by locating the 
infiltration area beneath the water course or alternatively 
in a purpose made structure adjacent to it. The aim is to 
develop a dynamic equilibrium between the settlement of 
suspended solids, and resuspension and subsequent transport 
(Smet et al, 1989). This minimises the filter resistance 
due to surface deposits. 
According to Smet et al (1989) sedimentation, straining, 
and adsorption are the most important mechanisms present. 
Physico-chemical and microbiological processes play a minor 
role due to the high filtration rates and short detention 
time. 
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TABLE 3-4 State-of-the-Art Guidelines for Prefiltration 
Technology 
TECHNOLOGY FILTRATION FILTER GRAVEL FILTER ADDITIONAL SOURCE 
RATE LENGTH & FRACTION CLEANING GUIDELINES 
ifi dgi 
(rn/h) (m) (mm) 
Dynamic 
Filtration 
0.25-1.50 0.20 
0.20 
0.20 
0.20 
2-5 
5-10 
10-15 
15-25 
Raking Max. 
capacity 
6 1/s 
Smet, 
Quiroga, 
Wolters 
(1989) 
Downflow 0.3-1.2 0.5-0.8 25-15 Hydraulic Smet, 
Roughing 0.5-0.8 15-10 Discharge Wolters, 
Filtration 0.5-0.8 10-5 Vc = 90-120m/h Pardön, 
Vol. water: (1989) 
1.1-1.5 m3/m2 
bed 
Upflow 0.5-1.0 0.3-0.8 24-18 Draindown F. bed area Wolters, 
Roughing 18-12 Vc=4-6 m/h 15-24 m2. Smet, 
Filtration 12-6 0.3m for Galvis 
filter in (1989) 
layers 
Horizontal 
Flow 
Roughing 
Filtration 
For approx. Suspended Solids 
Co: High >, 150 mg ss/1 
0.5-0.75 3.0-5.0 25-15 
2.0-4.0 15-10 
1.0-3.0 10-5 
Low < 100-150 mg ss/l 
0.75-1.50 3.0-4.0 25-15 
2.0-3.0 15-10 
1.0-2.0 10-5 
Manual or Hmax=1.50m Wegelin 
by hudraulic Hrec=1-1.5m (1989) 
discharge 
Vc=60-90 m/h Wmax=5m 
Wrec=1-4m 
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Vertical Roughing Filters provide a moderate amount of silt 
storage capacity. This is not necessarily a disadvantage 
given that in many circumstances the incoming load of 
solids are only high for short intervals. This generally 
occurs in highland water courses with small catchment 
basins as opposed to lowland rivers with many tributaries 
and ample catchment areas. Nevertheless, a small silt 
storage capacity presupposes more frequent cleaning. In 
order to avoid excavation of the bed hydraulic cleaning 
mechanisms have been pursued as discussed in the preceeding 
section. 
Reports by Wolters (1988), Smet et al (1989), and Pardon 
(1987), point to the fact that mechanical, physical, 
biological and chemical processes play a role in downflow 
vertical roughing filtration. 
In both up-flow and down-flow (and also horizontal-flow) 
roughing filtration, the filter beds are composed of 
filtering material decreasing in size in the direction of 
flow. The opposite occurs with intake and dynamic filter 
schemes. 
Horizontal-Flow Roughing Filters act as a multi-store 
sedimentation basin, providing a large surface area for the 
accumulation of settleable solids. Wegelin (1989) has 
stated that settlement is the main process involved in the 
removal of suspended solid matter. The same author 
recognises however that depending on the organic 
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characteristics of the raw water, other processes such as 
biological oxidation or adsorption may also occur. 
Biological activity contributes to the increase of filter 
efficiency at the beginning and can subsequently hinder the 
efficiency of hydraulic cleaning operations. 
3.3 THE USE OF ROUGHING FILTRATION IN DEVELOPING COUNTRIES 
The use of roughing filtration as a pretreatment stage for 
slow sand filtration is not a new development. Its use as 
far back as 1804 in Scotland has been reported by Baker 
(1949). The same author in that excellent book "The Quest 
For Pure Water" subsequently quotes various examples of the 
combination of both technologies throughout the 19th 
century in Europe. (See also Table 3-5). 
With the arrival of chemical and mechanised water treatment 
technologies roughing filtration is largely forgotten until 
it is reapplied in the 1970's and 80's, at the beginning in 
Asia and subsequently in Africa and Latin America. (The 
combination of roughing filtration with SSF, but this time 
for groundwater recharge, is also reported in the time by 
Kuntschick, 1976). It is precisely the failure of SSF 
installations in small communities of developing countries 
which encourages engineers and water scientists to seek 
reliable solutions to the problem of seasonal deterioration 
of raw water quality (high turbidity loads). 
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A chronological sequence of the main reported interventions 
with roughing filters for small community supplies is 
presented in Table 3-5. It is encouraging to see that 
reports have nearly always pointed to improvement of both 
physical and bacteriological quality of the water. This 
is vital given that it has demonstrated that roughing 
filters (RF) are more than just a solids removal (and 
storage) basin, and more an integral part of a multiple 
barrier principle and approach to safe water supplies. 
Figure 3-5 also shows a distribution of RF projects around 
the world, some not reported and absent from Table 3-5. 
(CEPIS/PAHO, DelAgua personal communications, and IRCWD, 
1988. ) 
There has been definitely an expansion in the use of RF 
technology due to the dissemination of experience, and of 
design manuals in the case of HRF (Wegelin, 1986). It must 
be born in mind however that these technologies require to 
be adapted to local conditions. Additional research in the 
field of filter cleaning mechanisms, rational approaches to 
the use of alternative roughing filtration technologies, 
and more economical designs is therefore still needed. 
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3.4 THE DEVELOPMENT OF ROUGHING FILTRATION TECHNOLOGY IN 
PERU 
The introduction of RF technology in Peru has followed 3 
well defined stages. A research stage which started in the 
second half of the 1970's. A development stage which 
started in 1984 and included the construction of pilot 
plants and their extended evaluation. The third stage has 
included the adoption since 1986 of the technology in 
official National Construction programmes which is 
currently underway. Benchmark events in each of these 
stages are identified in Table 3-6. Most certainly none of 
the stages have yet been closed and, as mentioned earlier, 
there is still a long way to go in terms of R&D. 
A detail of the interventions is presented in Table 3-7. 
It can be appreciated that after the two new pilot projects 
of 1985-86, the subsequent schemes comprised rehabilitation 
projects, all HRF. There is still a long way to go with 
rehabilitations but meanwhile completely new rural water 
treatment plants are being constructed using new 
technology. Figure 3-6 shows the geographical distribution 
of the projects, and it can be appreciated that they are 
distributed throughout the territory covering coast, 
highlands and high jungle areas. 
The following Chapters present the principal research, 
development, implementation and evaluation activities 
carried out in Peru during the last 10 years. 
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TABLE 3-7: Chronology of interventions using roughing 
filtration technology in rural water 
treatment plants in Peru. (1) 
YEAR LOCALITY, TYPE OF ROUGHING IMPROVED TRAINING FOLLOW UP 
DEPARTMENT INTERVEN- FILTERS, SLOW SAND OF EVALUATION 
TION DETAIL FILTRATION COMMUNITY (MONTHS) 
1985 Azpitia, Lima N 1 x 3 stage * * 15 
VRF-d 
1986 Espachin, Lima N 2 x HRF 
1986 Cocharcas, Junin R 2 x HRF * * 15 
1987 La Cuesta, R 2 x HRF * * 3 
La Libertad 
1987 Compin, R 2 x HRF * * 3 
La Libertad 
1988 Palian, Junin R, C 2 x HRF 
1988 S. M. Pangoa, Junin R, C 2 x HRF 
1988 Viccos, Junin N, C 2 x HRF 
1988 Collambay, N 2 x HRF * * 
La Libertad 
1988 Cayanchal, N 2 x HRF 
La Libertad 
1988 Simbal, N, C 2 x HRF 
La Libertad 
(1) Information available up to January 1989 
N= new water supply scheme 
R= rehabilitation of existing treatment plant 
C= under construction 
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CHAPTER 4 
VERTICAL DOWN-FLOW ROUGHING FILTRATION IN PERU 
4.1 INTRODUCTION 
Pretreatment of water through vertical shallow filter beds 
of gravel is a technology with potentially wide 
application. Vertical roughing filtration (VRF) has 
received attention in South East Asia for filtration 
through locally available waste materials like coconut 
fibre and rice husk (Frankel, 1976), and in Colombia for 
filtration through gravel and coarse sand (Galvis et. al., 
1989). 
In the year 1984 when the VRF programme in Peru was 
conceived, the only reported experience available was that 
of Perez and Canepa (CEPIS, 1984) developed from 
experimental plants. No established guidelines existed for 
VRF design for small community water supplies and the 
process was one of research, development and 
implementation. 
Chapter 4 is divided into two parts. The first part 
describes the VRF research component of the roughing 
filtration technology programme carried out in Lima - Peru 
in 1984-85. The second part describes the design, 
construction and evaluation of the water supply project of 
- 97 - 
Azpitia, analyzing critically both its technological 
performance and managerial aspects. 
4.2 PILOT PLANT EVALUATIONS 
4.2.1 Initial Research Work in the Pan American Centre 
of Sanitary Engineering and Environmental 
Sciences, CEPIS/PAHO/WHO 
During the 1970s CEPIS assumed a leading and active role in 
the research of technological innovations in the field of 
treatment of turbid surface water in the Americas. In 1979 
the research into the performance of gravel pre-filters for 
treatment of waters with high suspended solids loads took 
place. During this research work, the behaviour of 
horizontal roughing filters was analyzed in detail. The 
experimental data summarised in Figure 4-1 led the 
researchers to speculate about the high removal efficiency 
of the first few centimetres of the filter beds 
independently of the influent load of solids (variable 
between 100 and 1000 NTU). It was proposed that sequential 
filtration in short filter bed lengths could achieve 
similar performances to that achieved by a longer length 
of a continuous horizontal filter bed. The hypothesis is 
shown graphically in Figure 4-2. The idea of a shallow bed 
in series prefilter was developed. Perez (1984) proposed 
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that in order to maximise the solids removal performance 
each successive stage of filtration should have decreasing 
gravel sizes. It was recognised by the present author that 
the shallow beds (approximately 50cm in depth), would have 
a low silt storage capacity as compared with the horizontal 
flow roughing filters; hence the cleaning of the filter bed 
would have to be performed regularly. This principle ruled 
out the idea of gravel excavation and manual cleaning and 
called for an effective hydraulic cleaning mechanism. 
4.2.2 Pilot Plan Evaluation of Roughing Filters 
The author's research study on roughing filtration 
technology began in 1984 in the Metropolitan Lima Water 
Treatment Works "Gustavo Laurie Solis", also called "La 
Atarjea". Atarjea is a Spanish word for a drinking water 
collection point, and the treatment plant that now produces 
around 65% of the water supply for the City of Lima (around 
15 m3/s), is located near to the old water source which 
provided most of the drinking water to the city since 1578 
and until the beginning of this century (SEDAPAL, 1985). 
Indeed the old infiltration galleries still contribute 600- 
800 1/s to the supply. Water for the treatment plant is 
abstracted from the Rimac river, a heavily polluted source 
which contains domestic and industrial discharges from the 
diverse activities upstream of the abstraction point. 
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The Atarjea test rig included pilot scale units to test 
filter fabrics, vertical downf low in series and in parallel 
filters, and a horizontal roughing filtration unit. A 
summary of the complete set up is presented in Figure 4-3. 
As the work proceeded on the test rig, the design stage of 
the water supply project for the community of San Vicente 
de Azpitia was developed. The project was to include a 
water treatment plant, so to a great extent the VRF pilot 
plant experiments were geared towards the development of 
guidelines for the design of the treatment plant. The 
objective of the work was therefore not only to analyze the 
efficiency of the VRF (its ability to retain solids under 
different operating conditions), but also to assess its 
efficacy from the point of view of the effective protection 
of the slow sand filters. SSF should not be subjected to 
loads of solids exceeding 20 NTU (see discussion in Section 
3.1.3, Chapter 3). 
Methodology 
a) Equipment Set-Up. The VRF testing set-up is shown in 
Figure 4-4. It includes two tanks for the preparation 
of the artificial suspension. The first one was used 
to maintain a concentrated slurry and the second one 
was devised as a constant head and constant suspended 
solids concentration unit. The filtration columns 
were made out of 150mm I. D. plexiglass tubes. The 
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FIGURE 4-3: Experimental roughing filtration plant set up in the Atarjea Test Rig - Peru. 
Research programmes 1984-85. 
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tubes were painted externally to avoid photosynthetic 
b) 
biological growth. The filter medium was rounded 
river bed gravel graded in 3 sizes as shown. 
Artificial Suspension. For the experiments which 
involved turbidities of more than 50 NTU, an 
artificial suspension was developed using river bed 
silt deposits together with deposits from the Atarjea 
primary settlement lagoon. The stability of the 
suspension was assessed daily through settleability 
tests (modified methodology presented in CEPIS, 1984). 
The sedimentation velocities were comparable with 
those later determined for the raw water source of 
Azpitia. 
c) Monitoring. In a series of experiments the VRF unit 
was operated at various constant inlet turbidities. 
The selected ranges were: 
less than 50 NTU 
100-200 NTU 
250-350 NTU 
600-800 NTU 
For each turbidity range, the filters were operated at 
the following filtration velocities: 0.1,0.2,0.4, 
and 0.8 m/h. Each range/velocity experiment was 
evaluated for a complete week so the experiment ran 
for 16 weeks. The filters were cleaned every week. 
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The artificial suspension was only fed during the day, 
and during the nights the units continued operating 
with raw water abstracted from the river. The regime 
was similar to that shown in Chapter 6, Figure 6-4. 
d) 
e) 
Analysis. Turbidity was monitored several times a 
day, and the records summarised in Figure 4-5 are 
based on the steady state. The turbidity analysis was 
performed using AWWA Standard Methods 14 Ed. (1975). 
The equipment used was a Fisher Nephelometer DRT-100 
calibrated with formazin standards in the range 10- 
1000 NTU. 
Results. Turbidity removal efficiency results are 
presented in Figure 4-5. The plotted values represent 
the average efficiency recorded for the week for each 
load/velocity experiment. 
It can be noted that for the first load range of up to 
200 NTU, a predictable increase in removal efficiency 
follows the influent load increase. The fact that 
removal efficiency diminishes for loads above 300 NTU 
whilst established filtration theory would suggest the 
opposite behaviour deserves a more detailed analysis. 
This was observed during a seminar on gravel 
prefiltration and slow sand filtration for small 
community water supplies held at the University of 
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Surrey in October 1984. On this opportunity, 
Professor Kenneth Ives of University College - London, 
commented on these curves: 
"We have recently been able to use optical 
fibres to inspect the internal functioning 
of filters. When there is heavy loading, 
there is a large amount of unstable deposit 
similar to snow on mountain tops in 
Switzerland. If one throws stones at snow, 
it may dislodge, or even avalanche. It 
follows that the more stones one throws, the 
more snow is dislodged. The incoming 
particles in a filter actually represent 
'thrown stones' transported by the water and 
they hit unstable, mounted deposits as you 
progress through the filter operation. " 
The dotted line in Figure 4-5 represents the required 
removal efficiency of the VRF for each influent 
turbidity load in order to guarantee an effluent of 
less than or equal to 20 NTU. The curves standing 
above this line are areas of effective operation for 
VRF of the stated characteristics. The following 
limiting influent turbidity loads for the different 
filtration velocities were derived from the 
experiment. 
Vf , m/h T. max , 
NTU 
0.1 350 
0.2 300 
0.3 200 
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The influent loads do not correspond to presettled 
waters so for design purposes rather more conservative 
values were adopted. 
4.3 THE WATER SUPPLY PROJECT OF AZPITIA 
4.3.1 Characteristics of the Community of Azpitia 
The community of Azpitia presents the characteristics of a 
small settlement located near to a big metropolis. One of 
its characteristics is the high floating population which 
leaves the community for work and returns in the evenings 
or weekends. The absence of young people in the age range 
20-30 is another marked feature. 
The community of Azpitia is located on a ridge overlooking 
the river Mala. In this specific case, the community has 
little possibilities of expansion. It is limited to the 
south with a cliff of approximately 50 metres; the 
irrigation canal which circles the community follows the 
contours of the hills; and to the west it borders the 
agricultural lands of neighbouring community Santa Cruz de 
Flores. 
The irrigation canal is derived from the river Mala Tkm 
upstream of the community. Figure 4-6 presents a map 
showing the location of Azpitia with regard to the capital 
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TABLE 4-1: General description of the Community of Azpitia 
The Community 
Name of the community 
District 
Province 
Department 
Altitude 
Temperature fluctuation 
Average temperature 
Access 
The People 
No. of 
census): 
inhabitants (1981 
resident population 
floating population 
total population 
children less than 2 yrs 
No. of occupied households 
People per family (average of 
permanent residents) 
Language 
Political Authority 
Institutions and services 
Agricultural porducts 
Cost of non-qualified labour 
San Vicente de Azpitia 
Santa Cruz de Flores 
Canete 
Lima 
170 metres above sea level 
12-30°C 
20°C 
10 km dirt road branching out 
from km 75 South Panam. 
Highway 
264 
202 
466 
15 
64 
4-5 
Spanish 
Deputy Major 
Primary School, Health Post, 
Church, Development Committees 
Fruit, grapes, wine, honey, 
cotton 
1.50 GBP/day 
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city of Lima, and Figure 4-7 presents the layout of the 
communal lands and household settlements. It can be 
appreciated that the houses lie along a main road giving a 
long, ribbon distribution of housing. This will later 
define the special characteristics of the distribution 
system. The general characteristics of the community are 
shown in Table 4-1. The traditional drinking water supply 
had been, since 1901 when Azpitia was established, based on 
cisterns excavated in the soil which were periodically 
filled from the irrigation canal. During the dry season 
when the volume of the Mala river is very reduced, the 
irrigation water sharing system caused water to be 
available for one in every six days. Only then were the 
cisterns filled with the limited supply for a whole week. 
This system is common in rural areas with water 
deficiencies. Subsequent to the water supply installation, 
the irrigation canal source was guaranteed a permanent 
minimum amount to satisfy drinking water requirements in 
accordance with current legislation. 
4.3.2 Design Features of the Water Supply Project. 
The basic elements of the water supply scheme are presented 
in Table 4-2 and its plan and elevation distribution shown 
in Figures 4-8 and 4-9. The scheme lies on a low gradient 
terrain (approximately 1.5%). This aspect will be 
considered in greater detail when analyzing the 
distribution system design. 
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TABLE 4-2: Components of the Water Supply Scheme of Azpitia 
Component Description 
Capacity * Design Population 
(design period = 15 years 
annual growth rate = 3%) 
* Production 
(per capita = 40 1/d) 
* Removal efficiency 
Turbidity 
(T0 400 TU) 
E. Coli/100m1 
(Co = 500-1000) 
730 p 
Qp=29.2m3/d 
Q1nd=35.0m3/d 
Te <5 
Er > 95% 
Ce < 10 
(prior to 
disinfection) 
Er > 99% 
Source * Irrigation canal derived from river Mala. 
* Average flow 150-250 1/s. 
* Base for economic/productive activity of 
the community. 
Abstraction 
Treatment 
Distribution 
Administration, 
and 
Maintenance 
* Structure: 
* Presettler: 
* VRF x1 unit: 
* PSSF x4 units: 
* Terminal 
Disinfection: 
Abstraction box. 
45°V Notch Weir. 
Capacity 1.0 1/s. 
Closing sluice gate. 
So = 0.6 m/h 
Er < 60% 
Vf = 0.3 m/h 
Vf = 0.25 m/h 
Calcium hypochlorite 
doser 
* Storage tanks distributed in the community, 
12 units. 
* Stand posts, 13 units. 
* Administrative Village Water Operation 
Supply Committee 
* Operator responsible to the Committee 
Note: Qp = average daily consumption 
Qmd = maximum daily consumption (1.2 x Qp) 
To = maximum influent turbidity 
Te = maximum effluent turbidity 
Co = influent E. Coli concentration 
Ce = effluent E. Coli concentration 
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Er = removal efficiency 
Vf = filtration velocity 
So = surface loading 
VRF = vertical down-flow roughing 
filter 
PSSF = protected slow sand filter 
Cll 
z 0 H 
U 
Gfý 
I 
tiºýtph 
v 0 
' 3ý uD . OH c/) s4 
4-4 44 4-) 
N r1 
tr +) "r ý: ro U 44 O 
rJ4 
a `b +ý (. n OC 
NO a Cl) 
Cl) > 
n 
`:. w 
,: > a 
f 
' . 
i1 
Q- 
ö 
N 
O 
0 
a) 
4) 
. rq 
a N 
44 
0 
c) E 
a) 
U 
U, 
r-q 
a a 
U, 
a) 4J 
a) 
4J 
w 0 
cO 
OD 
H 
G4 
- 113 - 
CIO - o 
o 
C; 
N 
1 
E 
N 
4) 
U) 
U) 
r-I 
z O 
U 
GQ 
o«, M0 
z 
ob 
wcx 
a 
Ha HF: 4ý W "U 1x LO HW 
l E-i E--4 
wxa ýWH 
a>w 
QD 
2 
< CO 
UcAPý 
WW 
HH 
004 
x4H 
12L4 U) w 
(1) D 
4) E r-1 
to 
NN 
U> 
7 «-1 4) 
". I ro 
co t- 
N 
tt c; 
ti s 
f 
Lam` 
'l\ 
ON 
t9 
V- co 
: Cv $` 
4-J o El) OD >1 
Wi 
roÖ 
OIVoi 
- 114 - 
a 
ro 
. rq 
4) 
N 
44 
0 
C) 
E 
c) 
U 
U) 
P-i 
a a 
U) 
a1 
ro 
c) 
z +? 
H w 
W vn 1 0 
c7 ý 
E 
Czv "ý Ho +1 w cI)H U) 0 
H $4 
ý: D U wm cnHN 
94 04 
V] H Oý 
HQ 1 
Q dý 
H 
G4 
a) Capacity 
The capacity of the system was calculated to 
incorporate the floating population into the total. 
A 3% annual growth rate and a design period of 15 
years have been assumed. The high floating population 
introduced an element of uncertainty to the 
calculations but Azpitia was considered as a community 
under evolution and the normal National Rural 
Sanitation Plan criteria was used. When assuming a 
per capita consumption, a partial evolution from 
standposts to house connections was allowed for. 
b) Abstraction 
The abstraction structure incorporated a 450 "V" notch 
weir. This weir is most suitable for the control of 
flows of less than 1 1/s or the equivalent of a per 
capita of 80 1/d for 1080 inhabitants. Details of the 
structure are presented in Figure 4-10. 
c) Treatment 
The design considerations which follow have been 
derived from preliminary data on turbidity and faecal 
contamination in the irrigation canal, gathered during 
the rainy season of 1984. 
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i. Presettler 
The dimensions of the sedimentation area are 
2.50m long, 1.00m wide, and 1.00m in depth. 
Given its high surface loading, 0.58 m/h, maximum 
efficiencies of 60% were expected. Nevertheless, 
sand and coarse particles should be retained. 
ii. Vertical Roughing Filter 
This comprises a single structure with operating 
conditions developed from the pilot scale plant 
at Atarjea. The design parameters are presented 
in Table 4-3 and the construction details in 
Figures 4-11 and 4-12. Because of the small 
dimensions involved, the structure was entirely 
constructed out of brick and cement without steel 
reinforcement. (The region has a brick 
production industry. ) 
The hydraulic cleaning mechanism was designed on 
the basis of an initial vertical drainage 
velocity of 1.0 - 1.5 m/min in the filter beds in 
accordance with recommendations of Perez and 
Canepa (1984). This velocity was to be generated 
by adequately sized fast opening gates. The 
calculation details are presented in Table 4- 
4. The characteristics of the gates are similar 
to those shown in Figure 5-10. 
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TABLE 4-3: Design Parameters of the Vertical Flow Roughing 
Filter 
Capacity Qmd = 35 m3/ d 
Turbidity load 
(presettled water) NTU = 10-200 
Effluent turbidity NTU < 20 
Filtration velocity Vf = 0.3 m/h 
Dimensions 
width: 2.15 m 
length: 2.50 m 
No. of units 1 
Filtration Stages depth, m 
li 
1st Stage 0.6 
2nd Stage 0.6 
3rd Stage 0.6 
Hydraulic Cleaning Velocity 
Construction material 
gravel size, mm 
dgi 
25 - 50 
12 - 25 
6- 12 
1.5 - 2.0 m/min 
Masonry 
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- 120 - 
1 
a) 41 
r-i 
. rj w 
0 W4 
ro U 
4) 
N 
a) 
a) 
4, 
w 
0 
a) 
4, 
a) 
ro 
. r., ro 14 b 
a) 
0 
N 
CO 4.4 
N 
0 
44 
U) 
0 
"4 +J " 
r-I 44 
rl 
ro N 
d' 
as 
N 
V 
C 
to 
1-4 
0) 
C 
O 
ro 
U 
.a 
U 
to 
0 
m 
d 
3 
O4 
ýo m 
A 
. DLn 
ýN 0 
C 
xN 
CD 
U, ao xý a, 
3N nC 
xxo >4 
rn-ý U"oa 
>ý "a 
Mh$ 
äaN 
" n 
" 
N ' 
NN 
" ti O 
w 
ý !C ýO 
m0 
+ 
" (')^ 0 
O x ý. 
bý " L 
N w ^ 0 ) x N -tn 
+ 
x N 
0 Z O 
U O O O w >-4 U 00 
... 4 -- 0 00 0 -- 0 
n n nu n nn n nn n 
N W 4a w 0 0 4a w Q c c c a co c . 
C 4-4 
4 
E 
Lr) 
N 
i 
CTQlU 
a>a 
" 
a `. ý: eop: ö a a 
IP. 
ý pz , >44 0 U) 
om 10 U o 
a0 0 o 
.. - p 
CD 
0 
x 
(1) 
N 
a 
:, -o 
N 
N N 
O 
N 
O 
N 
+-1 O 
ep 
fý W 
M 
r1 
x 
X le 
-ö wý 
iLn I- 2" 
lle NOt') 
vv 
uuN 
$1N 
(M Ol 
>> 
Ch 
t 
a 
9Oýth 
BOO 
U" 
000 
M 11 P 
E 
U 
0 
0 
a 
01 
fA 
d 
0 
0) 
G) 
Z 
v 
W 
0 
tE 
O) U 
N 
10 0 
N 
. -I 
to x 
c 
O0 
-H N 
U 
u1 C 
m0 
O 1-4 Ir N 
UC 
Q1 
0) E 
.C ,i E0 
U) 
E to 
.n R7 E 
/ 
E +) U1 
10 (n 
N 
bý 
E 
J-) (1) E t0 C 
to rn c 0) ro 1+ c U) c ö+ (o U 
C ) 
"14 (0 4+ U N U v7 E C: 10 lu U ý 
ä ' O -1 - E (1) E ro 4) (n C to 0) N 7 rC to y C ( 
E C O 
b 
0) . 4 4) (D E C 1-1 U >. .0 t0 "14 C 0) N E O .C N U ++ O E -I 3 +1 -i V 0 14 0 E .C (0 +) C b) (L) N 
-4 w a) N U v1 C 0) (1) C > a) 0) 0 4 C V t0 A (C .0 -r"1 -I b PC t0 +P 10 0) N (V 0 U E i+ N C 
ro 3 W A 1-4 bi 7 tr) ) O H Q .C (0 Co 
b' w ý 
C N G) O 14 0) C W .C C) a) 
"1 (0 0+ v k 0) 0 C ro -4 (1) 4) to C t C (0 i0 G) 4) 0 a) 0 0 0 a m 4) +-) 
(a -4 O 3 +) -4 I4 O "14 (V 0 (1) 0 N ro -11 '- -H c 3 ro a 'O -4 C c 
.4 C t0 W -I 44 +1 4) Ir U) C . "a U 0 {a 0 44 O) 10 0 10 'O 
ý4 10 w 3 A w 1"4 (1) to m cn 
-4 4 >+ w 0 0 W 0 41 A C) co (0 ro U w 4) 0 . -1 m 0 0 C 0 0 U N 0 1 .0 w C N ro r-+ -4 --+ "14 to U -C +J .a .0 U la 0) -4 P (n 3 0 4J to P 0 +-) .0 P > ro b b w 0 0 -4 V C "14 b V E C to +P ro (0 G) N 1.4 m " -4 G) C a +"4 0 it 0 N G7 > U w 9 3 a O un m z U Cý F z "c 
D n n II R n n p n n n u a if H 
U 0) U O O b 44 `. ' '4 
> a o> > 3 ºý a m cn z U X 4 c .c 
- 121 - 
iii. Protected Slow Sand Filters (PSSF) 
The technology of protection of slow sand filters 
has been extensively researched by scientists and 
engineers of Imperial College and Surrey 
University in Great Britain. Preliminary work 
contributed to the design of a disaster relief 
water treatment package plant by OXFAM (Mbwette 
and Graham, 1988). The small scale application 
was implemented and evaluated in a project funded 
by the Overseas Development Administration. 
Azpitia was one of 3 rural communities which 
benefited from the development of filter fabrics 
(Lloyd et. al., 1986). 
The filter is made out of a 2000 1 opaque plastic 
tank with a lid which excludes light and aerial 
contamination. The filter bed has a surface area 
of 1.50m2 and a depth of 0.60m (including support 
gravel). On top of the sand lie two layers of 
filter fabric supporting an enhanced biological 
population which would otherwise be distributed 
mainly in the top 10cros of sand bed. The unit 
has also a constant flow controller in the outlet 
(Pardon et. al. 1983). Details of the PSSF unit 
arrangement and the set up in the field are 
presented in Figures 4-13 and 4-14. 
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FIGURE 4-14: Installation of the Protected Slow Sand Filter 
units in the water treatment plant of Azpitia. 
Plan view. 
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DISTRIBUTION KUUut11N( I 
DRAINAGE FILTER 
The design included 4 PSSF units, each one with 
a capacity of 8.75 m3/D working at a filtration 
velocity of 0.25 m/h. High design filtration 
velocities were adopted in view of the protection 
anticipated from the VRF and the filter fabrics. 
d) Storage/Regulation and Distribution System 
Given the water consumption regime of the community a 
storage/regulation capacity of 33% of the daily 
consumption was projected (a total of 12m3). Because 
of the low gradient of the terrain and the elongated 
distribution of the houses in the community, the 
installation of a single head reservoir would have 
required the use of pipe of 75,50 and 38mm in 
diameter to cope with peak demands. 
Given the existence of several load-bearing brick and 
concrete houses evenly distributed along the 
community, a dispersed storage tank system was 
projected as shown in Figures 4-8 and 4-15. Twelve of 
these tank systems were installed distributed along 
the community with either one tank of 1000 1 or 2 of 
500 1 on top of a flat roof and connected to an 
improved design of stand post. In this way, the 
conduction line carries the maximum daily demand to 
the roof tanks, whilst the instantaneous demand is 
absorbed by a short length of pipe leading from the 
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tanks to the stand pipes. The system is entirely made 
out of 32 and 19 mm diameter PVC pipe and fittings 
achieving a substantial saving in capital cost over 
that defined above for a single head reservoir. See 
discussion in Section 4.4.4. 
In practice, 4 or 5 families made use of each 
individual system of 1000 1 storage tank and stand 
post. In this way if an individual misuses or wastes 
the water only a small group of neighbours is affected 
and not the whole community. Next time the group 
members require water, they will have to wait until 
their tank accumulates a head of water or 
alternatively they would have to walk 100 to 200 
metres to the nearest stand-post. The objective was 
a small scale shared responsibility scheme, at a scale 
which involved only the neighbourhood. 
4.3.3 Construction Aspects of the Water Supply Project 
Preliminary contacts with the community were held in 
January 1984. They led to the formulation of 4 alternative 
designs. A water committee was established by April and it 
worked together with the project team on the selection of 
the type of supply required by the community and 
subsequently the final designs. The committee also assumed 
responsibility for the donation of the plots of 
land where 
the treatment plant was to be constructed and installed, 
and for the discussions with house owners whose roofs were 
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to be used for the installation of the reservoir tanks. 
Finally, the Committee agreed the selection of sites for 
the location of stand posts. 
The construction stage began in July 1984 and the scheme 
was commissioned into service in January 1985. Local 
skilled and unskilled labour was used, and the community 
was motivated and mobilised for the task. 
The aspect of selection of filtering material should always 
be carefully assessed whilst projecting small community 
water treatment plants. In the case of Azpitia the cost of 
selection and transport of gravel from a distance of 10 km 
was 11.50 GBP/m3 for the required 12m3, and 10 GBP/m3 for 3m3 
of sand for the PSSF. It took 4.8 man days per m3 of 
selected gravel and 3.3 man days per m3 of sand. The whole 
procedure had to be closely supervised in order to 
guarantee an adequate quality of filtering material. The 
selection is a tedious process and the hire of labour on a 
time basis should be avoided whenever possible. Payment 
per unit volume of classified material should be favoured. 
The costs of the individual components of the project and 
their relative percentage contribution to the total 
construction costs are presented in Table 4-5. Table 4-6 
presents an overall cost summary. The total cost of the 
project was calculated at GBP 9,863 having therefore a 
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TABLE 4-5: Cost of the Different Components of the Water 
Supply Project of Azpitia, Peru 
COST (GBP) 
Component Materials Labour Total % 
& Equipment 
1. Abstraction 93 34 127 1.4 
2. Vertical Roughing 
Filters 433 357 790 8.5 
3. Protected slow sand 
Filters 1778 158 1936 20.8 
4. Conduction and 
Distribution Lines 3424 235 3659 39.4 
5. Distributed Storage 
Tanks System 1617 37 1654 17.8 
6. Stand Posts 731 254 985 10.6 
7. Others 135 - 135 1.5 
8211 1075 9286 100.0 
NOTE: Costs refer to GBP of 1985 
TABLE 4-6: Resume of Costs of the Water Supply Project of 
Azpita - Peru. 
COMPONENT COST (GBP) % 
Materials & Equipment 
Labour (1) 
Supervision (2) 
8,210 83.2 
1,075 10.9 
578 5.9 
TOTAL 9,863 100.0 
(1) Includes qualified labour and community work. 
(2) Direct costs: does not include salaries. 
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direct unit cost of 13.50 GBP per inhabitant served. (The 
prices quoted are the result of the conversion to Pounds 
Sterling of the expenditures incurred on a daily basis 
throughout 1984-1985. ) 
4.4 THE EVALUATION PROGRAMME 
4.4.1 Objectives 
The project included the simultaneous introduction of a 
variety of innovations to small community water treatment 
and supply schemes, and a comprehensive evaluation study 
was proposed. The objectives of the study included: 
a) Evaluation of the VRF performance. 
b) Evaluation of the PSSF performance. 
c) Evaluation of the water supply scheme as a whole: 
its technological achievements, as well as the 
operation, maintenance and administration. 
d) Provision of support to the community through 
permanent supervision. 
4.4.2 Methodology 
The evaluation programme covered two intensive monitoring 
periods: January to may 1985 and January to March 
1986 
(both rainy seasons). Additionally the community was 
visited monthly during the period June to December 
1985 as 
- 130 - 
shown in the Chronogram of Figure 4-16. 
During the intensive monitoring programme an Environmental 
Lab. Technician of the Ministry of Health lived with his 
family in the community. This aspect contributed 
substantially to the motivation and training of the 
operator. 
The analysis and recording performed and the methods and 
equipment used are detailed in Tables 4-7 and 4-8 
respectively. 
4.4.3 Results 
The presentation of the evaluation results is divided into 
two parts: the results for efficiency of the treatment 
plant, and the assessment of the operation maintenance and 
administration practices. 
The Treatment Plant 
The physico-chemical characteristics of the raw water 
source are presented in Table 4-9. They were recorded 
during the rainy season of 1985 and verified in the 
subsequent monitoring stages. 
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TABLE 4-7: Routine Analysis and Recordings carried out during the evaluation programme of Azpitia: January - March 1986. 
Parameter Monitoring Point Frequency 
Field Monitoring 
Flow 
Filter resistance 
Bacteriological & 
Physico-Chemical Parameters 
Turbidity 
Faecal Coliforms 
Suspended Solids 
Settleable Solids 
Particle Characterisation 
VRF + PSSF 
PSSF 
Canal 
effluent SED 
effluent VRF 
effluent PSSF 
Canal 
effluent SED 
effluent VRF 
effluent PSSF 
stand posts 
Canal 
effluent SED 
effluent VRF 
Canal 
Canal 
effluent SED 
effluent VRF 
effluent PSSF 
Notes: SED = pre-settler 
VRF = vertical roughing filter 
PSSF = protected slow sand filters 
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3/wk 
1/day 
1/day 
2/wk 
1/wk 
1/wk 
1/wk 
TABLE 4-8: Analytical Methods and Equipment used in the 
Evaluation Programme of Azpitia: January - March 
1986 
Parameter Method Equipment 
Turbidity 
Bacteriology 
Solids load 
Suspension 
Characteristics 
Nephelometric (a) Nephelometer DRT- 
NTU 100 
(Fischer), Formazin 
Standards 
Membrane Filtration (b) Oxfam-DelAgua 
Faecal Coli form, portable test kit. 
count/100ml 
Total Suspended Solids 
(a) mg TSS/l 
Settleability (c) 
Particle 
Characterisation 
Analysis (d) 
Gelman membrane 
filter 0.45pm 
Lauryl Sulphate 
broth 
Whatman filter 
paper GF/L 
Precision Balance 
Nephelometer DRT. 100 
(Fisher) 
Filtration equipment 
Del Agua. Gelman 
membrane filter, 
0.45}ßm; Light 
Microscope B+L 
References: (a) APHA, AWWA, WPCF (1975) 
(b) Oxfam - Del Agua (1985) 
(c) Arboleda, J. (1973) 
(d) Carter, R. et al (1962) and Chapter 6 
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TABLE 4-9: Physico-Chemical characteristics of the raw water 
in the irrigation canal, Azpitia 
Parameter Average Value 
Conductivity 
Temperature 
pH 
Alkalinity 
230 us/cm 
26°C 
7.5 
80 mg CaCO3/1 
Note: Average values of recordings carried out during January 
and May 1985 
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Table 4-10 shows the removal efficiency of the different 
treatment stages with regards to turbidity and faecal 
coliforms. The overall removal efficiency of turbidity 
varied from 63% to 92% according to the influent solids 
load level. The overall faecal coliform removal efficiency 
averaged 97% and the value of the VRF in the process was 
shown conclusively. 
Figure 4-17 shows the turbidity levels at each treatment 
stage and Figure 4-18 presents the VRF effluent turbidity 
as a function of the influent load. It can be appreciated 
that the stated limit of 20 NTU entering the PSSF is 
reached at influent turbidity loads below 100 NTU. This 
fact will be discussed further. It can also be appreciated 
from Figure 4-19 that the removal efficiency increases to 
levels of around 90% for influent loads above 300 TU. At 
around 100 NTU influent load, when the VRF effluent exceeds 
20 NTU, the unit is still not working at its most efficient 
level. Plate 4-I shows graphically the problem. the raw 
water turbidity was on that occasion 920 NTU, and the 
effluent of the VRF 65 NTU. The turbidity reduction at 
each treatment stage is marked (Perez, Pardon et. al., 
1986). 
The faecal coliform density levels for each treatment stage 
are presented in Table 4-10 and shown graphically in Figure 
4-20. The performance was monitored intensively in the 
rainy season since this presents the most unfavourable 
conditions for SSF operation and the filter runs are 
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shortened, even when protected by roughing filters. Here 
the PSSF achieved an average 90% Faecal Coliform removal 
efficiency and 97% was recorded on average for the whole 
system. Terminal disinfection was constantly practised 
during the rainy season of 1986. 
The monitoring performed in the dry season showed a 
uniformly acceptable bacteriological quality in the 
effluent of the treatment plant. Faecal Coliform counts of 
3 to 0 per 100ml were recorded during 5 consecutive months. 
Only once after a filter cleaning operation the PSSF 
effluent showed 14 F. Coliforms/100ml. The F. Coliform 
counts/100m1 in the raw water source ranged from 700 to 
180, and in the VRF effluent from 240-38. 
The efficacy of the VRF can be evaluated from the 
protection offered to the SSF. It can be seen from Figure 
4-21 how, even at very high loads of turbidity in the raw 
water source (1000 + NTU), the maintenance of the PSSF was 
restricted to 3 occasions during the rainy season. The 
increase in filter resistance has presented a normal 
evolution in contrast to what would have been expected 
without pre-treatment. The relatively high PSSF filtration 
velocities should also be noted (0.18 - 0.20 m/h). The 
filter runs however lasted only 15-20 days which is a 
minimum desirable length. This accounts for the poorer 
than expected bacteriological performance of the PSSF. 
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PLATE 4-I. RAW WATER SOURCE CANAL, PRE-SETTLER AND VERTICAL-FLOW 
ROUGHING FILTER OF THE COMMUNITY OF AZPITIA, LIMA-PERU. 
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""I 
TABLE 4-10: Removal efficiency of turbidity and faecal 
coliforms in the different stages of the treatment 
plant of Azpitia: January - March 1986 
RANGES (a). NTU 
20 - 100 100 - 300 +300 
TURBIDITY 
STAGE avg. (b) %rem(c) avg. crem avg. crem 
Canal 70 - 228 - 915 - 
Pre-settler 49 20 184 16 548 39 
VRF 1st stage 28 37 97 47 160 71 
2nd stage 21 26 62 35 87 46 
3rd stage 17 23 37 40 45 46 
VRF (Overall) - 63 - 79 - 92 
PSSF 4 76 6 83 5 89 
FAECAL COLIFORM count/100 ml Avg. Avg. 
values % rem. 
STAGE 
Canal 690 
Pre-settler 690 9 
VRF 156 70 
PSSF 15 90 
Overall treatment - 97 
Notes: (a) ranges referred to the pre-settler effluent, in order 
to assess specifically the VRF performance 
(b) average values refer to the effluent of each 
treatment stage 
(c) % removal efficiency refers to each treatment stage 
indicated. 
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FIGURE 4-19: Removal efficiency of turbidity in the Vertical Roughing Filter as a function 
of the influent turbidity level. Water treatment plant of Azpitia. Evaluation 
period January - March 1986. 
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- 142 - 
Operation, Maintenance and Administration (O+M+A) 
The activities related to O+M+A were initially assumed by 
the same water committee which coordinated the execution of 
the construction stage. Subsequently this committee 
evolved into a proper Water Supply Administration Board in 
accordance with the regulations of the Ministry of Health. 
The operator who was originally trained left the job and a 
second operator has been in the post since January 1986. 
The O+M+A has benefitted from constant supervision of the 
evaluation team and this has contributed to its remarkable 
performance over 4 years. This however would not be enough 
alone to explain the achievements. What does explain them 
is the continuity of motivated people in key posts of the 
committee. 
An example of how the system is being administered by the 
community is presented in Figure 4-22. The evolution of 
the water tariff and the salary of the operator is compared 
with the increase of inflation (based in the National 
Consumer Price Index) during the period. Initially in 1985 
the tariffs were frozen and there was a relative increase 
of the operator's salary. This condition was gradually 
corrected during 1986. Also by the middle of 
1986 the 
Tariff became more realistic with respect to the evolution 
of inflation until it had acquired full correspondence with 
it when the last survey was performed (July 
1987). This 
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rate. Evaluation programme of the rural water 
supply scheme of Azpitia - Peru. 
January 1985 - July 1987. 
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correspondence appears as the basis for a sound 
administration. Assigning relative indices of 1.0 to the 
three items, by July 1987 the water tariff had been 
increased by 6.66 times, the inflation had grown by 6.33 
times, and the operator's salary 6.00 times. 
Relevant O+M activities are presented in the Chronogramme 
of Figure 4-16. Specific mention will be given to the 
hydraulic cleaning of the VRF. As mentioned in Section 
4.3.2, the hydraulic discharge mechanism was designed to 
achieve instantaneous flow velocities of 1.0-1.5 m/min in 
the gravel bed by using an adequately sized fast opening 
gate. This gate was connected to an underdrain in the 
bottom of each gravel bed. Two test cleaning operations 
were conducted, the first one on the 07.03.85 and the 
second one of the 10.04.85. Both were closely monitored. 
None of them was a consequence of head loss development 
(this was never recorded), or deterioration of effluent 
quality. After the drainage gates were opened, water 
samples of the wash water were collected at regular 
intervals (every 5 seconds). The corresponding draw-down 
levels in the filter bed were recorded. Total suspended 
solids analysis was performed on the samples and the total 
weight of the evacuated solids was integrated using the 
water volume segments calculated from the draw-down level 
observations. (For greater detail on the method see 
Section 5.3.3. ) 
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Representative sample segments of each filter stage 
(approximately 10-20 lts) were removed from the gravel beds 
and taken to the laboratory. The gravel was washed and the 
total weight of solids per unit volume of gravel 
determined. These values were extrapolated to the entire 
filter bed volumes. The procedure was repeated for each 
filter stage in both separate occasions. The results are 
presented in Table 4-11. 
The design cleaning velocities were reached but the 
recorded cleaning efficiencies were low. The best result 
was 21% efficiency as detailed in Table 4-11. There is a 
relative improvement in the cleaning efficiency as the 
filter load values (6 v) 
increase. Table 4-11 also shows 
the evolution of solids deposition in subsequent filter 
stages with time. As the first gravel bed becomes 
saturated, more solids are removed in the second and third 
stages. Another marked observation was the strong smell of 
organic decaying matter in the underdrains, especially in 
the first filter stage. 
It was demonstrated that the scour velocity alone is not 
enough for an efficient removal of the deposits of solids. 
For subsequent cleaning operations, the water level will 
have to be raised well above the gravel level in order to 
provide the additional volume of water overlaying the top 
of the whole structure. The contribution of the additional 
volume of water plus the additional head should improve the 
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cleaning mechanism. (This aspect is. discussed further in 
Section 4.5 ). This procedure was adopted for the cleaning 
operations of September 1985 and February 1986 (see Figure 
4-16). Note from Figure 4-22a that the removal efficiency 
of turbidity of the VRF improved for the evaluation period 
1986 with respect to 1985. The cleaning efficiency was not 
evaluated but it is expected that an improvement occurred. 
The information available however suggests that the simple 
operation is being performed satisfactorily and that it is 
enabling the adequate operation of the VRF. Parallel to 
this it is possible that limiting filter load values had 
not been yet reached although it is assumed that they were 
in excess of the 10g/l limit proposed by Wegelin (1986) 
(see Table 4-11). It is suggested that cohesion and 
biological activity development are in part responsible for 
the stability of the solids deposits. 
4.5 ADDITIONAL CONSIDERATIONS 
Experience in the Atarjea Test Rig regarding VRF Hydraulic 
Cleaning 
Given the low cleaning efficiency achieved in Azpitia, 
several experiments were carried out in Atar j ea in order to 
study alternatives to improve the hydraulic cleaning 
procedures. 
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The research began by considering what additional volumes 
of discharge water could be reasonably provided for the 
cleaning process through minor modifications in design and 
construction of the units. 
Cleaning efficiency values achieved with different volumes 
of water and velocities are presented in Table 4-12. A 
parameter defined as R, for ratio of the volume of wash 
water to the surface area of the filter bed was suggested. 
Even for a wide range of filter loads, a substantial 
improvement in the cleaning efficiency was recorded 
(62-81%). It was therefore proposed that for the hydraulic 
cleaning of VRF units which present confined chambers, 
velocities of 1.5-2.0 m/min should be used coupled with 
volumes of water of 1.0 to 1.5m3 per m2 of filter bed. 
As stated, a considerable increased volume of water can be 
incorporated to the cleaning process by cutting down the 
level of the dividing walls and marginally increasing the 
height of the perimeter wall to an appropriate level as 
shown in Figure 4-23. For the cleaning operation, the 
outlet valve is closed flooding the entire filter structure 
area. When the selected drainage gate is opened, the water 
above the whole structure contributes to the 
dislodgement 
of solids in the gravel bed. The wall levels and the size 
of the drainage gates become the critical 
design parameters 
for the hydraulic cleaning process. 
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TABLE 4-12: Hydraulic cleaning efficiency recorded in the test 
rig of Atarjea, Lima. 
Gravel Filter R Filter Cleaning 
size, dgi load, ß cleaning efficiency 
velocity, 
(mm) (g/l) (m3/m2) (m/min) ($) 
25-50 99 1.1 2.0 62 
13-25 23 1.5 1.5 62 
6-13 8 1.1 1.0 63 
6-50 102 1.5 0.7 33 
6-50 20 1.5 1.8 73 
6-50 7 1.5 1.5 81 
Notes: 
Probes :- diameter : 150 mm 
(see Figure 4-4) - depth 500 mm 
- volume of gravel 9.1 1 
R ratio of the total volume of cleaning water to the 
filter bed area. 
Cleaning efficiency : ratio of solids removed during hydraulic 
cleaning to the total weight of solids 
present in the filter before the 
process. 
- 151 - 
I 
A 
0 
BID 
N. D. = Level of water for hydraulic 
® Raised'walls 
cleaning discharge Lowered walls 
PLAN 
0.00 N 
dg= 25 mm I: j dg= 13 mm dg= 6 mm 
A-A 
N. D. 
Slab for cleaning 
operation 
B-B 
FIGURE 4-23: Modified levels of a VRF structure to guarantee 
a maximum volume of water for the hydraulic 
cleaning operation. 
O_ 
A 
- 152 - 
Relevance of the Dispersed Storage System 
Few reported cases of the use of dispersed storage in small 
communities exist in the literature. The main suggested 
inconveniences are: the potential increment of focal 
points for contamination, arising from multiple storage 
tanks; and the high costs of accessories and fittings, 
offsetting the savings achieved through the smaller pipe 
diameters used for the conduction line and distribution 
system. It will be demonstrated however that the savings 
are considerable. 
As mentioned in Section 4.3.2., the alternative in Azpitia 
would have been a 12m3 head reservoir and a conduction line 
and distribution system capable of conducting the peak 
demand (simultaneous use of the standposts). 
Using IRC (1983) methodology to calculate the consumption 
in standposts: 
Qmax =Nx1x Cd xPx1x1 
S 24 1-W f 
where: 
N= design population, 730 p 
Cd = daily per capita demand, 40 l. p. p. d 
P= demand factor, 3 
S= number of public standposts, 13u 
W= waste factor, 0.15 
f= efficiency factor, 1.0 
The maximum demand at each standpost would be : Qmax = 5.5 
1/min. 
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Assuming simultaneous use and a 10m head of water in each 
standpost, the pipe requirements are: a first length of 
600m of 75mm in diameter; a second length of 560m of 50mm 
in diameter; and a final length of 650m of 37mm in 
diameter. All calculations refereed to PVC pipe. 
The cost of these components can be compared with the 1820m 
of 32mm diameter pipe plus the 12 tanks and fittings 
distributed along the community. The cost of standposts 
are not included in the analysis as they are assumed common 
to both systems. 
The cost comparison was done taking into account costs at 
October 1987 and are shown in Table 4-13. The head 
reservoir alternative has a total cost of GBP 2265, whilst 
the distributed storage alternative was GBP 1463, this is 
65% of the first alternative. (The analysis has been based 
on costs of materials in Peru in October 1987. ) 
A cost analysis of 30 water supply systems which include 
treatment plants, for small communities in the Departments 
of Junin, Lima and Huanuco has been developed for 
comparison purposes and is presented in Table 4-14. All 
the projects considered were executed by the National Plan 
of Rural Sanitation between 1970 and 1979 and the 
Departments chosen are amongst the ones with relatively 
more slow sand filter plants in the country 
(1st, 6th and 
7th respectively; Cänepa, 1982). 
- 154 - 
TABLE 4-13: Comparative analysis of costs between two distribution system techniques; head reservoirs 
and distributed storage. Case Azpitia. 
Component 
Cost (GBP) 
Unit Cost Total 
Head Reservoir 
Reservoir (inc. labour) - 213 
Valve chamber (inc. labour) - 110 
Pipe PVC 0 75mm x 600m 1.82 1092 
50mm x 560m 0.84 470 
38mm x 650m 0.54 351 
Fittings (estimated 1.5% of pipe) 29 2265 
Distributed Storage 
Asbestos cement tanks 
12u x 10001, (inc. installation) 44.51 534 
Pipe PVC 0 32mm x 1820m 0.47 855 
Floating ball valves x 12u 4.88 59 
Fittings (estimated at 2.5% of 
tanks and float ball valves) 15 1463 
Notes: Cost of materials refer to prices in Peru in October 
1987. Cost of reservoir and valve chamber provided by 
the National Plan of Rural Sanitation, Ministry of 
Health - Peru, October 1987. 
Exchange rate 1GBP = 82 INTIS 
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TABLE 4-14: Construction costs and cost relationships for 28 
small community water supplies which include 
treatment plants. Information for the Departments 
of Junin, Lima and Huanuco in Perü. 
Year Design Capacity COST RELATIONSHIPS. GBP (1) 
of Population 
COMMUNITY Const- 
ruction Total Tot/ Tot / Ratio(2) 
(inhab. ) (m3/D) Cost inhab. (m3/D) Treatment: 
Distribution 
Junin 
Corpacancha 1979 1549 155 31053 20.05 200.34 23: 77 
Picoy 1979 1372 110 15642 11.40 142.20 26: 74 
Vista Alegre 1979 2436 243 36317 14.91 149.45 7: 93 
S. A. Cajas 1979 3521 352 41842 11.88 118.87 7: 93 
Palcapaccha 1979 781 62 24140 30.91 389.36 20: 80 
Ayabamba 1979 218 17 9423 43.22 554.29 47: 53 
Chalhuas 1978 538 43 19518 36.28 453.92 24: 76 
Tarmatambo 1976 2800 280 50709 18.11 181.10 23: 77 
Pichanaki 1976 2905 290 68809 23.69 237.27 18: 82 
Chaquicocha 1976 882 71 24765 28.08 348.80 23: 77 
Cocharcas 1977 1078 86 44741 41.50 520.25 20: 80 
S. M. Pangoa 1975 2800 322 38265 13.67 118.83 30: 70 
Maraninari 1975 810 81 17355 21.43 214.26 34: 66 
S. J. Quero 1979 1050 84 40799 38.86 485.70 12: 88 
Lima 
Auco 1978 810 69 15269 18.85 221.29 29: 71 
Pacaran 1977 1540 231 14575 9.46 63.09 14: 86 
Lampian 1975 1272 102 18446 14.50 180.84 38: 
62 
S. J. Palle 1976 713 57 18837 26.42 330.47 
33: 67 
L. Putinza S 1976 828 66 22543 27.23 341.56 
36: 64 
. Carhua 1975 1233 99 36729 29.79 371.00 
22: 78 
Culluhuay 1976 1410 141 17449 12.37 123.75 
34: 66 
Huanuco 
S. Jorge 1976 861 69 16702 19.40 
242.06 46: 54 
Margos 1975 1185 95 36479 30.78 
383.99 18: 82 
Obas 1975 1365 137 25773 18.88 
188., 12 32: 68 
Cascay 9174 488 49 29542 
60.54 602.89 32: 68 
Rafael S 1978 1944 195 19624 
10.09 100.64 28: 72 
. 
Ayancocha 1976 1185 119 43645 
36.83 366.77 20: 80 
Cascanja 1977 637 51 17670 
27.74 346.47 41: 59 
24.89 284.91 25: 75 
MEAN 
Notes: (1) All prices corrected to year base 1985 
(2) Ratio of construction costs of treatment schemes and 
distribution systems; 
- Treatment include: 
Abstraction, grit remover, settler, filters, valve chambers include: 
and disinfection. 
- Distribution include: 
Reservoirs, conduction lines, distribution systems, and house 
connections. 
Source: National Plan of Rural Sanitation, Ministry of 
Health - Perü. 
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The systems had design populations which ranged from 218 to 
3521 people and capacities ranging from 17 to 352 m3/day. 
The analysis only considered costs of materials, labour and 
supervision. The treatment component of the analysis 
considered: abstraction structure, grit chamber and/or 
settler, filters, valve boxes, and disinfection facilities. 
The distribution component included the reservoir, 
conduction line, distribution network, and house 
connections. The analysis showed an average cost of 25 GBP 
per inhabitant served, and a mean ratio of 25: 75 between 
costs of treatment and distribution. The costs are 
referred to the year base 1985. 
For the system of Azpitia, the total cost was 13 GBP per 
inhabitant served, and the ratio treatment/distribution was 
31: 69. The fact that Azpitia does not have house 
connections and the smaller per capita consumption has an 
effect in the ratio. Nevertheless the comparison shows 
that the average cost for the 3 departments is 1.95 times 
the cost of Azpitia. The result is logical given that 
major savings are being effected through smaller conduction 
pipe diameters, the single biggest cost component in small 
community water supplies. 
Figure 4-24 shows the economy of scale effect in the size 
of the different water supplies together with a plot of 
relative cost for Azpitia. 
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4.6 DISCUSSION 
The Water Supply Project 
The new technologies introduced to the Azpitia water supply 
project (vertical roughing filtration, protected slow sand 
filtration, and dispersed storage system) have proven 
operative and cost effective. Azpitia water supply costed 
1.95 times less per inhabitant than the average of 28 water 
supply schemes with treatment plants constructed in Peru. 
The treatment scheme has demonstrated the importance of the 
multiple barrier principle in order to achieve efficient 
and effective service to the user. The shared functions of 
the presettler, VRF and PSSF in removing the suspended 
solids load and the bacteriological load is an important 
and valuable combination. The plant has operated through 
rainy seasons with raw water turbidities in excess of 1000 
NTU within maintenance routines conducted by the community 
operator. 
The excellent administration of the water supply scheme 
demonstrates the importance of continued supervision and 
support as a complement to the capacity that the 
communities have to operate, maintain and administer their 
water works. The continuity of people in their jobs is of 
paramount importance. 
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Vertical-flow Roughing Filtration Technology 
The evaluation records have shown that the most efficient 
range of operation of the VRF (in excess of 90% turbidity 
removal efficiency) was reached above an influent level of 
300 NTU. Under this circumstance an additional stage of 
gravel (3-6mm) would be necessary in order to guarantee an 
adequate influent to the PSSF. An additional suggestion 
could consider the use of smaller gravel fractions for the 
entire filter, i. e. 20,10 and 5mm. This would enable an 
increase in filtration velocity which should be considered 
for future projects. 
Hydraulic Cleaning of the VRF 
The hydraulic cleaning operation design of the VRF units 
was based on fast initial drainage velocities in the filter 
bed generated by a fast opening gate. Velocities of up to 
1.5m/min were achieved but the cleaning efficiency remained 
low (7-21ö removal of solids deposits). The operation was 
simple although no criteria were developed for the 
frequency of the routine. There was no headloss 
development nor any perceived deterioration of VRF effluent 
quality. Subsequent pilot scale plant evaluations have 
demonstrated that enhanced volumes of water (of the order 
of 1 to 1.5m3 per m2 of filter bed) coupled to filter 
cleaning velocities of 1-1.5m/min can increase the solids 
deposits removal efficiency to 60-80%. 
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The additional volumes of water for the hydraulic cleaning 
operation could be achieved by introducing minor 
modifications to the R. F. structures. These would include 
cutting the level of dividing walls and raising the 
perimetric walls to an appropriate height. During the 
cleaning operation the supernatant water over the entire 
unit could drain into one filter. The VRF unit at Azpitia 
has been operating for 5 years, since 1985, with this 
regularly performed cleaning operation. 
The methodology was devised bearing in mind small confined 
filter chambers like the one of the Azpitia VRF. There is 
preliminary evidence of its appropriateness. The full 
field scale implementation of the method was tried on 
horizontal roughing filter structures as will be discussed 
in Chapter 5. 
Protection of the Slow Sand Filtration Process 
It has been observed that during the rainy season the PSSF 
filter runs have been shortened to 15-20 days. This has 
accounted for the lower than expected average faecal 
coliform removal efficiency for the whole plant (97%), and 
the need for disinfection. The plant has three protection 
stages: the presettler, the VRF and the filter fabrics. 
The presettler performance was marginal. The VRF 
effectiveness has been discussed and it is recognised that 
there is room for improvement, e. g. by the use of reduced 
gravel sizes. The filter fabrics used have not been 
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significant in stopping particle penetration into the 
filter beds as evidenced by the rate of headloss build up. 
However, recent research reported by Mbwette and Graham 
(1987 and 1988) has demonstrated that with the use of non- 
woven fabrics with optimal properties and in the 
appropriate thickness, particle deposition and biological 
accumulation can be contained within the fabrics. This 
minimises headloss in the underlying sand bed and 
substantially increases filter runs. The combination of 
non woven fabrics and SSF should be pursued further. 
However the operation of the plant has continued to be 
satisfactory (reported by an evaluation team in October 
1989) showing the appropriateness of the different 
treatment stages incorporated to the project. Although the 
good experience gained with this project has not yet been 
replicated in other communities, the lessons learned have 
contributed significantly to the development of roughing 
filtration in general. 
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CHAPTER 5 
HORIZONTAL-FLOW ROUGHING FILTRATION IN PERU 
5.1 SCOPE OF THE HRF COMPONENT OF THE PROGRAMME 
The original research in the field of prefiltration in Peru 
was carried out by CEPIS using horizontal-flow roughing 
filtration models. This research stimulated the 
investigation, theories and subsequent practice of 
vertical-flow roughing filtration described in the previous 
Chapter. The first HRF structure however was only designed 
and constructed after the VRF project of Azpitia (although 
before the full evaluation of 1986 could be incorporated). 
There was a fundamental difference in the conception of the 
VRF project and the HRF schemes. Whilst the first one was 
conceived within a research programme, the 3 HRF plants 
were designed and constructed for a rural water treatment 
plant rehabilitation and training programme carried out in 
collaboration with national and international 
organizations. The need for the protection of slow sand 
filter plants with roughing filtration units had already 
been accepted in Peru and this was the origin of standard 
rehabilitation practice using RF technology by national 
institutions. 
't 
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The HRF design parameters were based on the concepts 
developed by Wegelin (1986), complemented by the pilot 
scale experience of the Atarjea test rig. 
Although there are several more plants constructed to date 
in Peru, these three projects belong to the same first 
generation and as such they were thoroughly evaluated. For 
didactic purposes most of the discussion will be treated 
collectively for the three projects. 
5.2 THE WATER TREATMENT PLANT REHABILITATION PROJECTS IN 
THE COMMUNITIES OF COCHARCAS, LA CUESTA AND COMPIN 
From the beginning of the programme it was recognised that 
the projects were to be developed in communities with 
poorly functioning treatment plants. These were associated 
with fundamental problems of design, operation and 
management of the works, and of attitudes of the community. 
Because of the complex nature of the problems, a number of 
key steps were followed during the programme. The first 
step was a protracted period of negotiation (aimed at 
promoting the technology), and organization of the 
community (collectively and through its representatives) 
during the design stage. This was followed by the 
construction stage, and training was only performed once 
the system was fully operative. The evaluation of 
technical and organizational performance completed the 
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cycle by feeding back into the communities solution to the 
perceived inadequacies in operation and maintenance. The 
time scale of the programme ranged from 1985 to 1988 and 
the different activities developed are presented 
chronologically in Figure 5-1. 
5.2.1 Description of the Communities 
The first project was developed in the community of 
Cocharcas, department of Junin, in the central highlands of 
Peru. It lies in the densely populated Central Andean 
valley of the river Mantaro. The region has 28 water 
treatment plants as described in earlier Chapters. 
The communities of La Cuesta and Compin are both located in 
the northern department of Libertad. La Cuesta stands on 
the western slope of the Andean range in a steep valley of 
the river La Cuesta which flows towards the Pacific Ocean. 
The area is dominated by eucalyptus trees which support 
part of the economy of the area. Compin is located on a 
slope of central northern Andean valley. It is a district 
capital and lies on an important route of illegal 
trafficking of partially processed cocaine. 
The geographic location of the communities has been 
presented in Chapter 3, Figure 3-6, and their general 
characteristics are shown in Table 5-1. As seen, the main 
common activity of the communities 
is agriculture. 
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TABLE 5-1: General Description of the Communities 
of Cocharcas, La Cuesta and Compin 
DESCRIPTION ppCEDLYC3&s LA CUESM OQPIIN 
LOCATION 
District Sapallanga La Cuesta Marmot 
Province Huancayo Otuzco Otuzco 
Department Junin La Libertad La Libertad 
Altitude 3,280m 1,800m 1,370m 
Temperature 
fluctuation 0-250C 10-250C 10-300C 
Average 
temperature 120C 220C 240C 
Rainy season Nov - Apr Oct - Apr Oct - Apr 
Access 10km highway 60km road east 120km road east 
south from Huancayo from Trujillo from Trujillo 
THE PEOPLE 
No. of inhabitants 624 (a) 385 (b) 1,500 (b) 
No. of children 
(0-14 years) 275 120 700 
No. of houses 142 77 300 
Average family size 4-6 5 5 
Predominant diseases Respiratory, Gastrointestinal Gastrointestinal 
Gastrointestinal 
Language Spanish and Spanish Spanish 
Quechua 
Authorities - Political Lieutenant- 
Major, Governor Major, Governor 
Governor 
- Others Administrative 
Police Commander Police Commander 
Council 
Institutions/Services (c) PSch, HP, C, Ch C, G, P, 
PSch, SSch, C, G, P, Psch, SSch, 
HP, Ch HP, Ch 
Agricultural products Potatoes, peas, 
Potatoes, maize, Coca leaf, potatoes, 
ý. _. eet ýýi tr s 
fruit, cattle, fruit, beans 
forage, oats sheep, chicken 
Per Capita Income 0.6 GBP/Day 
0.9 GBP/day 1.2 GBP/day 
(unqualified labour) 
notes: 
(a) Census 1981 
(b) Estimate of Rehabilitation Programme 
Engineers 
(c) PSch = Primary School 
SSch = Secondary School 
Ch = Church 
HP = Health Post 
p= Police 
C= Council 
G Governor office 
(1986) 
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5.2.2 Description of the Water Supply Schemes 
The three water supply schemes were originally constructed 
in the 1974-78 period and all presented standard features; 
an abstraction box, one settler, two slow sand filters, a 
reservoir and a conduction and distribution system with 
single household taps. The problems encountered were also 
of a similar nature: an inadequate design and the lack of 
understanding of the communities of the principles of its 
operation. This inevitably led to deterioration and 
abandonment of the treatment facilities. The components of 
each water supply are shown in detail in Table 5-2 together 
with a diagnostic of their state prior to the 
rehabilitation intervention. 
Although the state of the different supplies in general 
resembled each other, the attitudes of the communities 
diverged to a certain extent. Cocharcas kept an 
Administrative Board and the community was aware of the 
need for remedial action although misguided as to the 
nature of the solution. (The general perception was that 
the reservoir was too small. ) The operation of the plant 
was severely hindered by the fact that 
the water source 
belonged to a neighbouring community which regularly 
interfered with the abstraction structure. The community 
in general showed a desire, 
later translated into active 
participation, to contribute to 
the rehabilitation process. 
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On the other hand La Cuesta had no Administrative Board, 
the system lacked an operator and no tariff was collected. 
At that time it was estimated that 60% of the water supply 
was used for backyard irrigation. The people in Compin 
showed a somewhat higher perception of the problems and 
their solutions, although the same type of attitude of 
disillusionment towards their supply prevailed. 
5.2.3 Description of the Interventions Required 
The interventions required for the three communities were 
of a similar nature and are presented in detail in 
Table 5-3. It can be appreciated that the projects did not 
address only the technical problems but recognised that an 
integrated approach was required. In the water source and 
abstraction point, the problem of continuous inflow to the 
works was tackled. In the treatment plant the main aspect 
was the protection of the SSF from high turbidity levels by 
incorporating HRF units. Furthermore the SSF units were 
completely refurbished; (filtering material, structures, 
underdrains and valves). Training for the community, the 
Administrative Board and the operator was undertaken using 
purpose-made audio-visual and practical programmes. 
Finally supervision and support for the operation, 
maintenance and administration of 
the works was provided 
for a protracted period during the monitoring programme. 
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FIGURE 5-2: Rehabilitation scheme of the water treatment plant 
of Cocharcas, Junin - Peru. 
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Figure 5-2 shows in more detail the rehabilitation 
components of the treatment plants, in this case for the 
community of Cocharcas. The other two communities had 
similar interventions. 
5.2.4 The Horizontal-Flow Roughing Filter Units - The 
Design Stage 
The design parameters of the 3 HRF schemes are presented in 
Table 5-4 and the plans of the filter structure are shown 
in Figures 5-3 to 5-8. The filter length and distribution 
of gravel sizes of the HRF units of Cocharcas were 
calculated using the filter coefficient values of Perez and 
Canepa (1984), while the calculations for La Cuesta and 
Compin used the filter coefficients developed by Wegelin 
(1986). The criteria to use different filtration 
velocities in the projects of La Cuesta and Compin was 
governed by the size (width) of the units. 
A key design aspect was the assumption of consistently high 
turbidity values during the rainy season. This will be 
analysed further in the light of the evaluation experience. 
Another key design aspect is the hydraulic cleaning 
mechanism. The concepts developed by the author in the 
Atarjea test rig analysed in Chapter 4, Section 4.5, were 
applied. This involved a critical volume of water to 
satisfy a ratio of 1.3m3 of water per m2 of 
filter bed which 
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TABLE 5-4: Design parameters of the Horizontal 
Roughing Filter Schemes 
PARAMETER ppa S LA CUESIrA aqpi 
Range of Turbidity 
load NTU 10-500 10-500 10-500 
Range of Suspended 
Solids load mg SS/1 10-400 10-500 10-500 
Flow, Qmd in m3/d 103 50.4 180 
Filtration velocity 
m/h 0.60 0.50 0.75 
No. of parallel 
units 2 2 2 
Filtration Stages, 
filter length (m)/ 
gravel diameter range, 
(mm) 
1st stage 3/25-38 2/25-38 3/25-38 
2nd stage 2/13-25 1/19-25 
2/19-25 
3rd stage 1/6-13 1/13-19 
2/13-19 
4th stage - 1/6-13 
1/6-13 
Turbidity leaving the 
HRF, NTU <10 <10 <10 
Suspended solids leaving 
the HRF, mg SS/1 <10 <5 
<5 
Filter cleaning velocity, 
m/min 1.5 - 2.0 
1.5 1.5 
Volume of water for filter 
cleaning, m3/m2 of 
filter bed 1.3 1.3 
1.3 
Construction 
material stone, 
70%; stone 70%; stone 70%; 
1: 5 sand, (125-250mm), (125-250mm), 
cement 1: 5 sand, 
1: 5 sand, 
mortar, 30% cement cement 
mortar, 30% mortar, 30% 
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FIGURE 5-3: Horizontal-flow Roughing Filter of the community 
of Cocharcas, Junin - Perü. Plan view. 
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TABLE 5-5: Calculation chart of the required volume of water 
(Vw) in the filter structure in order to guarantee 
a ratio, R, of 1.3m3of wash water per m2 of filter 
bed. Horizontal Roughing Filter structures of 
Cocharcas, La Cuesta and Compin. 
PARA- 
METER CALCULATIONS (1) UNITS COCHARCAS LA CUESTA COMPIN 
V1 0.35 x (W xL x h3) m3 9.80 4.38 12.47 
V2 WxLx h2 m3 1.10 0.65 1.08 
V3 WxLix (h3 + h2) m3 4.00 1.31 2.10 
V4 WxLox (h3 + h2) m3 3.00 1.31 1.80 
V5 Wt x (Li +L + LO) xh m3 (51.80)h (30.00)h (49.10)h 
Vw Vl + V2 + V3 + V4 + V5 m3 17.90 + 7.65 + 17.45 + 
(51.80)h (30.00)h (49.10)h 
Ai WxL m2 21.60 12.50 21.60 
h By definition R= Vw/Ai 
= 1.3; (solving for h) m 0.20 
0.29 0.22 
(1) Symbols refer to Figure 5-9 (A) 
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TABLE 5-6: Calculation chart of the cross-sectional area of the 
drainage gate in order to achieve an instantaneous 
cleaning velocity, VC, of 1.5 m/min at the beginning 
of the hydraulic cleaning process. 
PARAMETER CALCULATIONS (1) UNITS COCHARCAS LA CUESTA COMPIN 
Z1 assumed m 1.73 1.45 1.65 
B assumed m 0.025 0.025 0.025 
S assumed m 0.60 0.30 0.50 
N assumed 36 25 
27 
H assumed m 1.30 1.00 1.25 
Qc (Vc xWx L)/60 m3/s 0.63 0.31 
0.54 
go Qc/N m3/s 0.0175 0.0124 
0.020 
hfl (Vc x H)/3 m 0.76 
0.50 0.63 
hfl [Qo/(Cd xBx S)]2/2g m 0.24 
0.33 0.31 
hf hf1 + hf2 m 1.00 
0.83 0.94 
Vg Bernoulli between (1) 
and (2) M/S 
3.77 3.49 3.73 
Z1 = (V22/2g) + hf 
V2 = Vg = [(Z1 - hf) x 2g]1/2 
m2 0.17 0.089 
0.14 
Ag Qc/V9 
Practical dimensions cm 
35 x 35 30 x 30 2 units 
25 x 30 
(1) Symbols refer to Fig. 5-9 (B) 
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was achieved by allowing a freeboard of an appropriate 
height above the gravel bed level. The second component is 
an adequately sized fast-opening drainage gate designed to 
allow an initial vertical velocity in the filter bed of 1.5 
- 2.0 m/min. The parameters used for the calculation of 
the hydraulic cleaning mechanisms are shown in Figure 5-9 
and the actual calculations for each community's filter 
structure in Tables 5-5 and 5-6. The characteristics of 
the fast opening drainage gate are presented in Figure 5- 
10. 
5.2.5 The Construction Stage 
The construction techniques used were similar for the 3 
interventions. The HRF structures were constructed of 
stone masonry: 70% washed rounded stones, and 30% 1: 5 
cement-sand mortar. The internal filter walls were 
rendered to make the filter watertight. In the case of 
Cocharcas the dividing walls were constructed with mortar 
and stones, reinforced with 3mm steel rods. The holes in 
the walls represented 20% of the surface area and were 
formed from 50mm diameter drainage pipe. For La Cuesta and 
Compin the dividing walls were made out of precast 
perforated bricks. The hole/wall ratio was kept at 20% of 
the surface area. 
The drainage canals are an element which requires careful 
construction because of the instantaneous high flows 
conducted and disposed of during the hydraulic cleaning 
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process of the filter. 
Skilled workers in stone-masonry and plumbing were hired 
for the construction of the HRF structures. As a 
complement to them the community provided a labour force 
of between 10 to 20 people per day (occasionally 30 or 
more), which included women and elderly people. It has to 
be noted that the occasional larger number of people made 
the work less efficient but this is an inherent feature of 
community participation. The involvement of people in this 
type of project more than offsets any apparent 
inefficiency. 
Careful attention should also be given to the selection of 
filtering material. This was accomplished by communal 
labour in the three cases with relationships of 8.5 to 19.5 
work-days per m3 of gravel selected. It is interesting to 
note that in the previous projects where labour was hired, 
the relationship was 4.7 work-days/m3. Refer to Chapter 4, 
Section 4.3.3. 
5.2.6 Analysis of Costs 
A general analysis of costs is presented with the objective 
of developing key guideline parameters for the use of 
planners. All costs here presented are corrected to year 
1985. 
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Within this analysis, the costs of labour only considers 
the hiring of skilled labour and not the community labour 
force. The contribution of the latter included the 
excavation, aid in construction, and the procurement of 
construction and filtering material. However, because of 
the considerations discussed in the previous Section, any 
attempt to estimate their cost and include this sum in the 
analysis would confound the figures and contribute little 
to the analysis. 
Table 5-7 shows the costs involved in the rehabilitation 
programmes. It can be appreciated that the major component 
of quantifiable costs in each case represents the 
construction of the horizontal roughing filter structures 
and drainage canals (between 77 and 84% of the total 
costs). The unit cost for the construction of HRF's are 
20,44 and 20 GBP per m3 capacity of the plants of 
Cocharcas, La Cuesta and Compin respectively. For 
comparative purposes, the total rehabilitation costs of 
this intervention are plotted in Figure 5-11 together with 
an array of construction costs of rural water supply 
schemes which include treatment plants (analysis also used 
in Chapter 4, Section 4.5). An economy of scale is 
suggested for the rehabilitation interventions. It is also 
interesting to note the relationships between the total 
rehabilitation cost and the projected average construction 
cost of the supplies. These are 13% for La Cuesta, 12% for 
Cocharcas and 20% for Compin. 
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TABLE 5-7: Resume of costs of the water treatment plant 
rehabilitation projects (costs in GBP). 
Component COCFARCAS (103 m3/d) LA CUESTA (50 m3/d) COPIPIN (180 m3/d) 
Mat Labour Total Mat Labour Total Mat Labour Total 
1. Construction 
of the 
HRF structure 1220 626 1846 1455 421 1876 2062 1003 3065 
2. Construction 
of the HRF 
drainage canal 60 163 223 270 63 333 405 250 655 
3. Complementary 
works 170 28 198 270 115 385 270 334 604 
4. Operating 
costs and 
general 
supervision 89 106 195 162 108 270 297 165 
462 
TOTALS 1539 923 2462 2157 707 2864 3034 1752 4786 
NOTES: - All prices corrected to year 
1985. 
- Only qualified 
labour considered. 
- Component 4 (operating costs and supervision) 
involve mainly fuel 
costs. 
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This last figure could represent substantial costs for any 
rural sanitation agency. It should be borne in mind 
nevertheless that the interventions can be qualified as 
isolated exercises because of their geographic locations. 
Considerable economies of scale should be possible with 
integrated and planned interventions to recuperate 
deteriorated rural water treatment works on a regional or 
national basis. 
5.3 THE EVALUATION PROGRAMME 
5.3.1 Background Information. The Organization of the 
Programme 
The evaluation of the rehabilitated water supplies was 
undertaken within the institutional framework of two 
programmes: the Water Quality Surveillance Programme 
conducted by the Ministry of Health, and the CARE- 
Peru/Departmental Corporation of La Libertad (CORLIB) Rural 
Development Programme. Both programmes collaborated 
intimately with DelAgua and the evaluation programme was 
designed and coordinated directly by the author. 
The monitoring and processing of samples was also carried 
out by the author or by programme personnel trained and 
supervised directly. (The one exception is the information 
for the period December-March 1989. ) The continuous 
schedule for the works at Cocharcas (for the year 1987) and 
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La Cuesta and Compin (1988) is presented in Tables 5-1 and 
5-8. The evaluation of the efficiency of the hydraulic 
cleaning operation was conducted parallel to this 
continuous monitoring programme. 
The first experience for the hydraulic cleaning operation 
was in Cocharcas in 1987 followed by detailed analysis for 
Compin and La Cuesta in 1988. The established methodology 
was applied subsequently for Cocharcas during the period 
December - March 1989. 
a) Methodology 
Analysis conducted 
As stated, two sets of evaluations were conducted; a 
continuous monitoring programme which evaluated performance 
parameters, and a specific evaluation of the hydraulic 
cleaning operation. 
The analyses conducted for the continuous monitoring and 
their frequency are presented in Table 5-8. The evaluation 
of the hydraulic cleaning operation was tied to the normal 
operation and maintenance schedule of the plant so it was 
conducted towards the end of the rainy season when the 
filter beds had accumulated a maximum solids load in the 
gravel beds. 
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TABLE 5-8: Continuous monitoring programmes of the water 
treatment plants of Cocharcas, La Cuesta and 
Compin during the rainy seasons of 1987 and 1988. 
Community Sampling Parameter 
Point 
Flow hf Turb F. Coli Chlor. 
Cocharcas Raw water dd 
1987 
HRF inlet dddd 
HRF outlet dd 
SSF outlet dddd 
Dist. syst ddw 
La Cuesta Raw water 3w 
1988 
HRF inlet 3w 3w 
HRF outlet 3w 
SSF outlet w 3w 
Compin Raw water 
1988 
HRF inlet 
HRF outlet 
SSF outlet 
3w 
W 
3w 
3w 
3w 
3w 
d= daily 
w= weekly 
3w = 3 times per week 
hf = filter resistance 
Turb = turbidity 
F. Coli = Faecal Coliform counts/100ml 
Chlor = Chlorine residual 
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During the evaluation period of December-March 1988, 
analysis of filterability and sedimentability (besides 
turbidity, Faecal Coliforms, flow and headloss) were 
conducted on a daily basis during 3 days, both before and 
after the hydraulic cleaning operation. This detailed 
analysis was aimed at detecting changes in performance of 
the HRF's due to the cleaning operation. However, the 
cleaning operation was necessarily conducted during periods 
of low raw water turbidity (approx. 10 NTU) under which 
circumstances the filterability and sedimentability tests 
were not sensitive enough to indicate changes in 
performance (Pardon et. al., 1988, and Wegelin, 1986). 
The monitoring of the hydraulic cleaning operation involved 
3 people; one to control time, a second one to record 
draw-down levels of water in the inlet chamber of the HRF 
unit during the fast drainage process, and a third one to 
open the drainage gate and collect samples at predetermined 
intervals. It should be borne in mind that draining and 
backfilling of the HRF units after each drainage operation 
is a time-consuming process, approx. 12 hours, and the 
supply to the community can be affected. The following 
procedure was followed: 
i. Inundation of the whole structure (supernatant 35- 
40cros above the gravel filter bed). 
ii. Drainage of 1 HRF unit by opening fast drainage gate 
(first filter section - coarse gravel). 
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iii. Refill the HRF structure and supernatant water as in 
(i). 
iv. Drainage of the same HRF unit. 
v. Refill the HRF structure and supernatant water as in 
(i). 
vi. Drain of the same HRF unit by opening additional gates 
and/or valves. 
vii. Partial excavation of gravel beds to investigate 
amounts of solids retained by the unit after flushing. 
Aspects of the innundation and hydraulic drainage of the 
HRF structure of Cocharcas can be seen in Plate 5-I. 
The monitoring programme during the drainage operation 
considered: 
i. Vertical flow rate; time required for the draw down 
level to reach 15,30,45,60,75,90,105,120 and 
135cros. 
ii. Suspended solids concentration (and/or turbidity) of: 
the supernatant water before the operation, and of the 
drainage water coming though the gate as the draw down 
reached the levels 15,30,45,60,75,90,105,120 
and 135cros. 
The amount of solids retained in the gravel beds was 
evaluated by excavating the bed to a depth of lm beneath 
the operation water level. A measured sample of 10 to 20 
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- 196 - 
lts of gravel was collected by removing portions at each 
level and carried to a laboratory. Here the solids were 
washed from the gravel and the wash water collected and 
analysed for total suspended solids concentration (mg 
TSS/1). The figure for concentration of solids was 
subsequently projected for a representative section of the 
filter bed for total weight of solids quantification. 
The author recognises that the excavation of the full depth 
of the filter bed would have been desirable (given that it 
is potentially at the bottom where the maximum accumulation 
of solids would occur (Wegelin, 1984). However, this would 
have meant extracting all the gravel from the bed, and 
would have caused further disruption to the supply of the 
community. The fact that the total suspended solids data 
has been extrapolated to an assumed representative segment 
of the gravel bed should also be borne in mind when 
interpreting the results presented. 
b) Analytical Techniques 
Faecal Coliform Test: Conducted and processed in the field 
with the use of a portable Oxfam-Delagua Water Test Kit 
(Membrane Filtration Technique). Suitable volumes of 
sample were processed in duplicate. The membrane filters 
used were Gelman GF 0.45um, culture medium lauryl sulphate 
broth and incubation temperature 43 +-0.5°c. 
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Turbidity Test: All reports in this Chapter correspond to 
observations carried out in the field with Turbidity tubes 
of the Oxfam-Delagua Water Test Kit. The method proved 
most appropriate for field work given that the turbidity 
was simply tested by pouring the sample into a long 
graduated plastic tube and observing what depth was just 
sufficient to render a mark at the bottom of the tube 
invisible. The method is reliable between 5-2000 TU and is 
reported accordingly. 
Total Suspended Solids: Analysis conducted in a, 
laboratory. Standard methods were used and are discussed 
in Chapter 4, Section 4.4.2. 
5.3.2 Performance of the HRF Schemes 
Cocharcas 
During the first evaluation period (February - April 1987) 
the low level of solids in the raw water source made it 
impossible to assess the performance of the plant in terms 
of solids removal efficiency. The turbidity levels 
registered through the treatment works is presented in 
Table 5-9. Only once after heavy rainfall did the level of 
turbidity rise to 300 TU. Throughout the entire evaluation 
programme the HRF and SSF units delivered a water with 
turbidity below 5 TU. 
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Under these circumstances the data recorded on Faecal 
Coliform density throughout the different treatment stages 
acquired vital importance. The human activities developed 
along the source irrigation canal were considerable at the 
time and included trout farming, cattle breeding and flow 
within household premises. As a consequence extremely high 
levels of Faecal Coliform indicator bacteria were present 
in the stream. This is of great importance given that 
users normally associate turbid waters with bacteriological 
risk and in this particular case raw waters with low 
turbidity levels of 10 TU presented an average of +20,000 
F. Coli/100ml. The continuity in the operation, mainly of 
the SSF units proved vital to treat this highly 
contaminated water as can be seen in Figure 5-12. The 
plant had an overall average removal of 99.9% throughout 
the evaluation period, and for the individual components 
was of: 12% (settler), 84% (HRF) and 98% (SSF) ; confirming 
the importance of the multiple barrier principle. 
Disinfection was applied to the treated water at the outlet 
of the SSF units and monitored on a daily basis. 
Those appalling conditions found at the irrigation canal 
were corrected by the authorities during the year and 
the 
levels of contamination reduced substantially. Performance 
from the point of view of bacteriological improvement 
maintained its high standard. See Table 
5-10. 
Raw water conditions were stable and 
low in turbidity. 
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Even with heavy rainfall in the area the consequence would 
be a plug-flow turbidity load response, unsuitable for the 
type of monitoring performed. An inquiry was carried out 
to assess the intensity of rainfall in the area as compared 
with historical records. Figure 5-13 presents the average 
precipitation records of the period 1981-1987, and rainfall 
in 1988. The registers were obtained from the Huayao- 
Huancayo meteorological station, approximately 15kms north 
of Cocharcas. The meteorological station qualified 1988 as 
a "normal" year, 1985-86 as a "rainy" year and 1987 as 
"dry". The relatively low turbidity levels in the raw 
water source during a normal rainy year focuses on the need 
for more accurate determinations of raw water 
characteristics prior to the design stage. (The HRF unit 
of Cocharcas was designed for 300 + TU. ) 
The HRF units operated at a filtration velocity of 0.3 - 
0.5 m/h and the SSF's at 0.1 - 0.2 m/h. 
La Cuesta 
The operation of the water treatment plant of La Cuesta 
is 
simplified by the fact that there is no competition 
for the 
raw water source as is the case of 
Cocharcas. The canal 
which feeds the plant is abstracted 
from river La Cuesta 
and is a single purpose source. 
The evaluation records for the period 
December - March 1988 
are presented in Table 
5-11. The flow through the plant 
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ranged from 50 to 90 m3/D (design capacity 50.4 m3/D) , and 
the flow velocity through the HRF units varied between 0.5 
and 0.9 m/h (design velocity 0.5 m/h). The reason for the 
high recorded flow at the plant inlet was a structural 
fault in the base of the HRF as a consequence of the floor 
being constructed considerably before the walls. This 
problem was overcome only by the end of April 1988. Note 
the permanently low turbidity level in the source whilst 
the plant was designed for 300 + TU. 
The reduction in microbiological contamination through the 
treatment plant is important 90 -100% (see Table 5-13), 
although the raw water quality is not as contaminated as 
Cocharcas and Compin (the highest record is 160 
F. Coli/l00ml). 
Compin 
The data recorded on a regular basis during the period 
December - March 1988 is presented in Table 
5-12. The HRF 
units operated at filtration velocity of 0.6 and 0.8 m/h 
(design velocity 0.75 m/h), and the SSF's at the high 
filtration velocity of 0.4 m/h. 
The records show peaks in turbidity 
levels after heavy 
rainfall. The plug flow regime through 
the plant and the 
way of monitoring prevents an accurate performance 
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TABLE 5-11: Operating conditions observed in the rural 
water treatment plant of La Cuesta - La Libertad. Period December '87 - March '88. 
TURBIDITY, TU 
Date Raw In Out Out Observation 
Water HRF HRF SSF 
02.12.87 25 25 5- 5- 
03.12.87 25 20 5- 5- 
05.12.87 30 15 5- 5- 
08.12.87 20 10 5- 5- Manipulation of inlet valve of SSF-2 
10.12.87 20 10 5- 5- 
12.12.87 30 20 5- 5- 
15.12.87 10 5 5- 5- 
17.12.87 10 5- 5- 5- 
19.12.87 10 5- 5- 5- 
22.12.87 20 15 5- 5- 
24.12.87 15 12 5- 5- 
26.12.87 20 15 5- 5- 
29.12.87 20 15 5- 5- 
31.12.87 15 12 5- 5- 
02.01.88 15 12 5- 5- 
05.01.88 15 12 5- 5- 
07.01.88 15 12 5- 5- 
09.01.88 20 15 5- 5- 
12.01.88 15 12 5- 5- 
14.01.88 15 12 5- 5- 
16.01.88 12 8 5- 5- 
19.01.88 12 8 5- 5- 
21.01.88 12 8 5- 5- 
23.01.88 12 8 5- 5- 
28.01.88 25 15 5- 5- 
30.01.88 15 10 5- 5- 
02.02.88 20 15 5- 5- 
04.02.88 15 12 5- 5- 
06.02.88 15 12 5- 5- 
09.02.88 18 15 5- 5- 
11.02.88 25 15 5- 5- 
13.02.88 20 15 5- 5- 
16.02.88 15 15 5- 5- 
18.02.88 35 30 5- 5- 
20.02.88 15 12 5- 5- 
23.02.88 18 15 5- 5- 
25.02.88 15 12 5- 5- 
27.02.88 18 15 5- 5- 
01.03.88 15 12 5- 5- 
03.03.88 25 25 5- 5- 
05.03.88 15 12 5- 5- 
08.03.88 18 15 5- 5- 
10.03.88 15 12 5- 5- 
12.03.88 12 8 5- 5- 
15.03.88 15 12 5- 5- 
17.03.88 18 15 5- 5- 
19.03.88 15 12 5- 5- 
22.03.88 15 12 5- 5- 
24.03.88 5 5 5- 5- 
26.03.88 8 5 5- 5- Cleaning of SSF 
29.03.88 5 5 5- 5- 
31.03.88 5 5- 5- 
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TABLE 5-12: Operating conditions observed in the rural water 
treatment plant of Compin - La Libertad. Period December 87 - March 88. 
TURBIDITY, TU Head Loss, cm 
Date Flow Raw In Out Out SSF SSF Observations 
L/s Water HRF HRF SSF 1 2 
01.12.87 1.6 8 5- 5- 5- 64 65 
04.12.87 1.6 6 5- 5- 5- 
07.12.87 1.4 5- 5- 5- 5- 72 87 Minimal flow in source 09.12.87 1.6 7 5- 5- 5- 
11.12.87 1.6 6 5- 5- 5- 
14.12.87 0 137 141 Abstraction point interfered 
16.12.87 1.5 15 6 5- 5- 
18.12.87 1.5 7 5- 5- 5- 
21.12.87 1.6 8 5- 5- 5- 
23.12.87 1.6 6 5- 5- 5- 
25.12.87 1.6 7 5- 5- 5- Cleaning of SSF 
28.12.87 1.5 6 5- 5- 5- 62 56 
30.12.87 1.6 6 5- 5- 5- 
01.01.88 1.6 8 5- 5- 5- 
04.01.88 1.5 6 5- 5- 5- (75) (72) Interference w/flow, 
hf readings affected 
06.01.88 1.6 8 5- 5- 5- 
08.01.88 1.6 8 5- 5- 5- 
11.01.88 1.4 500 1000 500 5- 56 49 Heavy rainfall 10.01.88 
16.00-23.00 hrs 
13.01.88 1.4 9 5 5- 5- 
15.01.88 1.2 30 12 5- 5- 
18.01.88 0 1500 1200 500 5- 70 81 Breakdown o f river 
abstraction point 
20.01.88 1.2 20 12 5- 5- 
22.01.88 1.1 12 6 5- 5- 
25.01.88 1.4 32 75 7 5- 42 40 
27.01.88 1.2 12 12 5 5- Cleaning of SSF-1 
29.01.88 1.2 5 5- 5- 5- 
01.02.88 1.1 8 5- 5- 5- 99 79 
03.02.88 1.2 20 30 15 5- 
05.02.88 1.5 5 5- 5- 5- 
08.02.88 1.2 5 5- 5- 5- 87 64 
10.02.88 1.2 30 20 5 5- 
12.02.88 0.7 10 10 5- 5- 
15.02.88 1.1 12 10 5 5- 52 42 
17.02.88 1.1 20 12 6 5- 
19.02.88 1.1 8 5 5- 5- 
22.02.88 1.1 7 5 5- 5- 44 40 
24.02.88 1.1 6 5- 5- 5- 
26.02.88 0.9 7 5- 5- 5- 
29.02.88 1.2 10 6 7 5- 42 40 
02.03.88 1.2 8 5 5- 5- 
04.03.88 1.2 6 5- 5- 5- 
07.03.88 0.9 30 12 5 5- 42 40 
09.03.88 1.4 20 10 5 5 Cleaning of SSF-1 +2 
11.03.88 1.5 18 11 6 6 
14.03.88 1.6 300 250 5- 5- 120 Cleaning of irrigation canal 
16.03.88 1.6 12 10 5- 5- 
18.03.88 1.6 10 5 5- 5- 
21.03.88 1.3 9 7 5- 5- 127 140 
23.03.88 1.3 18 12 5- 5- 
25.03.88 1.3 8 5 5- 5- 
28.03.88 1.3 40 200 55 5- 125 139 
30.03.88 1.3 10 5 5- 5- 
Samples monitored between 06.00 and 07.00 hrs. 
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TABLE 5-13: Faecal Coliform levels in the different stages of 
the water treatment plants of La Cuesta and 
Compin. Evaluation period December - March 1988. 
F. Coli/100m1 
Date Raw In out out observations 
Water HRF HRF SSF 
La cuesta 
01.02.88 18 28 10 0 
02.02.88 105 13 1 
03.02.88 Hydraulic cleaning of 
HRF unit No. 1 
04.02.88 
05.02.88 
22.03.88 64 9 0 
24.03.88 Hydraulic cleaning of 
HRF unit No. 1 
25.03.88 
26.03.88 
28.03.88 160 144 15 
Cospin 
25.01.88 372 308 160 0 
26.01.88 446 420 70 24 
27.01.88 292 288 32 13 
28.01.88 Hydraulic cleaning of 
HRF unit No. 1 
29.01.88 
30.01.88 
07.03.88 420 360 52 14 
08.03.88 248 240 82 2 
09.03.88 252 250 64 6 
10.03.88 Hydraulic cleaning of 
HRF unit No. 2 
11.03.88 
12.03.88 
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evaluation. Note however that values greater than 5TU in 
the outlet of the HRF were only recorded in seven occasions 
from more than 50 observations. 
The manipulation of the valves in the SSF outlets prevented 
an accurate headloss assessment although it was reported 
that the SSF units were cleaned three times during the 
rainy season. 
Table 5-13 shows the bacteriological records. The multiple 
barrier principle again played a vital role. The raw water 
source presented a faecal contamination in the range 250- 
450 F. Coli/100ml and the average efficiency of all the 
treatment plants was 98%. The HRF showed an average 
efficiency of 75%. 
5.3.3 Hydraulic Cleaning of the HRF Schemes 
Three cycles of experiments have been conducted on this 
subject. They were performed during the rainy season 
periods of 1987, '88 and '89 as shown in the chronogram of 
Figure 5-1 (Section 5.1). It will be seen that more data 
are available for Cocharcas which has not only benefited 
from an additional evaluation cycle (1987), but also from 
the fact that it is located near to a Regional Reference 
Centre of the rural water supply surveillance programme. 
This section starts by presenting the performance of the 
hydraulic cleaning operation and its efficiency for the 
- 209 - 
units at Cocharcas. This will be followed by a discussion 
of the differences and similarities of the drainage pattern 
of La Cuesta and Compin due to minor design differences. 
The last part of the discussion considers the uneven 
distribution of residual solids in the filter beds after 
hydraulic cleaning. This was observed after the excavation 
of the beds in La Cuesta and Compin following complete 
cleaning cycles. 
Evaluation of the HRF Units of Cocharcas 
Years 1987, '88 and '89 
The hydraulic cleaning operation design was based on the 
provision of a predetermined amount of drainage water 
(calculated at 1.3 m3/m2 of filter bed) and of initial 
drainage velocities of 1.5 m/min in the filter bed. As 
described in Section 5.3.1 the design volumes of drainage 
water were made available by inundation of the structure. 
A 60-80% cleaning efficiency was expected. 
Two confounding effects should be borne in mind whilst 
interpreting the information on the hydraulic cleaning 
operation. The first one is that given the magnitude of 
the drainage gate (producing high instantaneous 
discharges), it is possible that the level of water in the 
filter structure does not descend as a flat water table but 
rather develops a depletion curve towards the axis of the 
drainage gate/canal. The second one arises from the fact 
that a uniform porosity of 38% has been adopted to 
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calculate the volumes of water within the gravel bed. It 
is unlikely that the pore system will remain constant 
throughout the entire bed, specially in the bottom of the 
structure (see discussion in Section 3.2.2). Both factors 
are associated with the volumes of water used to calculate 
the total weights of solids evacuated during the hydraulic 
cleaning operation. 
Figure 5-14 shows the time taken for the water level to 
fall inside the HRF structure of Cocharcas after the 
opening of the drainage gate (data for the two HRF units). 
It can be seen that the process takes less than two 
minutes. The volumes of water associated with the 
different levels demonstrate that the initial drainage 
velocities in the bed reach the design velocity of 1.3 - 
1.5 m/min. 
In one opportunity (1987), a full evaluation into the 
efficiency of the process analysed the residual amount of 
solids after the cleaning operation. The bed was excavated 
and the contents of solids determined. The removed weight 
of solids was estimated by integrating the concentration of 
total solids analysed for each drainage time interval with 
the associated volumes of water for the same periods. 
Figure 5-15 shows the associated volumes and Table 5-14 
presents the calculation procedure and the results for 
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TABLE 5-14: Determination of the efficiency of the Hydraulic 
Cleaning of the HRF-1 unit. Cocharcas. Evaluation 
period February - April 1987. 
A. Weight of solids removed by the drainage process. 
Sampling Associated gms gms 
reference volume of mg TSS/1 solids mg TSS/l solids 
level water 06.04.87 (1) x (2) 07.04.87 (1) x (3) TOTAL 
(cms) (m3) (Kg) 
(1) (2) (3) 
0 4.2 - 2176 - 286 
15 9.0 1036 9324 136 1224 
30 6.6 370 2442 92 607 
45 2.4 194 466 46 110 
60 2.3 224 515 140 322 
75 2.0 870 1740 120 240 
90 2.0 1934 3868 124 248 
105 2.0 1620 3240 232 464 
120 2.0 1070 2140 108 216 
135 1.1 360 396 180 198 
26307 3915 30.2 
B. Weight of solids retained in the filter unit after the drainage process. 
Stage m3 
gravel 
Kg solids/m3 
retained 
Kg solids Total 
(Kg) 
1st : gravel 25-38mm 10.8 3.766 
40.7 
2nd : gravel 12-25mm 7.2 0.447 
3.2 
3rd : gravel 6-12mm 3.6 0.22 
0.8 44.7 
Percentage of solids removed by cleaning = 
30.2 
x 100 = 40% 
30.2 + 44.7 
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HRF-1. It was estimated on that occasion that 40% of the 
deposits were removed. 
Only one excavation point in the middle section of each bed 
was used on this occasion. As will be seen from the 
detailed analysis of Compin and La Cuesta, the efficiency 
calculated in this way could be overestimated. 
How is this removal efficiency being achieved during the 
drainage operation, and will this be the normal pattern? 
Figures 5-16 and 5-17 show the concentration of solids in 
the drainage water associated with the observed water 
levels during the drainage operation of HRF units 1 and 2. 
(This could be also associated with time as seen in Figure 
5-14). 
There are two interesting observations to note. The first 
one deals with the variation of the concentration of solids 
in the drainage water (double-peak effect), and the second 
one with the different order of magnitude of solids wash- 
out when cleaned after the first and third year of 
operation. 
Figures 5-16 and 5-17 show a high concentration of solids 
at the beginning, a decrease and subsequently a second peak 
in the second half of the drainage operation. This is 
absolutely consistent in all observations, whether it is an 
initial cleaning or after subsequent days of drainage. The 
- 215 - 
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effect has also been reported by Wolters, 1988; Galvis et. 
al., 1989; and IRCWD, 1989. (See also Figure 3-4b, Chapter 
3). 
Two explanations can be suggested for the effect. The 
first one treats the observation as a superimposition of 
curves originated by two events occurring simultaneously. 
The initial curve is associated with the wash-out of the 
bottom deposits. The second peak would according to this 
interpretation, represent the dragging of solids from the 
entire filter bed towards the underdrains as the operation 
progresses. This suggests that the increased volume of 
drainage water plays an important role in the operation. 
The bulk of solids is not removed only during the first 
instant of the high velocity sweep but rather first 
dislodged by these high velocities and subsequently dragged 
through the bed to the drainage canal and gate. Figure 
5-18 presents this same process as a percentage of drainage 
time versus percentage of wash-out weight of solids. The 
calculation has been made in each case for the first 120cros 
of drainage which represents 92-95% of the total weight of 
solids removed. Whilst the second drainage can be grouped 
in a straight line, the first drainage operation shows 
evidence of the peaks under discussion. In both cases 
however, it suggests that the whole drainage operation is 
important and not only the first moments of the process. 
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The second interpretation of the double-peak effect treats 
the second increment of the concentration of solids in the 
drainage water as a consequence of the decrease in water 
discharge as the operation progresses. The observation 
could then be explained as the continued wash-out of the 
deposits of solids accumulated in the bottom of the filter 
structure. This continued process, even at reducing 
scouring velocities appears substantial in terms of the 
total weight of solids removed. (This is also suggested by 
the direct relationship between drainage time and 
accumulated removal of solids shown in Figure 5-18. ) The 
interpretation could also be used to explain why the effect 
is proportionately less pronounced in the first year of 
operation (when less deposits may have drifted downwards) 
than in subsequent years (see Figures 5-16,5-17, and 
5-20). A combined effect derived from both explanations is 
also feasible. Further research is required but common 
sense would suggest that the effect of the second 
alternative is predominant. 
The second observation is the different orders of magnitude 
of weight of deposits removed during the cleaning operation 
of 1987 (1.22 g/l on a first drainage and 0.18 on a 
subsequent day), and 1989 two years later (5.18 g/l first, 
and 3.22 and 2.89 on subsequent days). All values are 
referred to filter load equivalents, 0,. This comparison 
is made for the HRF-1 unit. There is no complete data for 
the first year of HRF-2 unit, but in 1989 the removal of 
deposits during drainage was of 8.24 g/l of gravel on the 
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first day, and 2.96 and 2.67 on subsequent days. 
The filter beds weren't excavated in 1989 but it is evident 
that as the filter beds increase their filter load, the 
deposits removed during drainage will proportionally 
increase. The 40% calculated for 1987 when the filter load 
of the bed was low (much less than 10 g/l on average) 
should be revised with a more detailed evaluation during 
subsequent years. 
Evaluation of the HRF Units of La Cuesta and Compin 
Year 1988 
Minor differences in design between the HRF structure of La 
Cuesta (identical to Cocharcas), and Compin defined 
different regimes in drainage water flow. The high 
dividing wall between HRF units 1 and 2 in Compin forces 
the water flow around the outlet canal zone before flushing 
into the filter bed being maintained. This is shown in 
Figure 5-19 (for additional details see the structure plans 
in Figures 5-5 to 5-8). 
The variation of turbidity level of the drainage water is 
compared for the three HRF structures in Figure 5-20. The 
data of Cocharcas comes from the evaluation period of 1989 
(3 years after commissioning) whilst Compin and La Cuesta 
were operating through their first rainy season. Hence the 
solids load in the filter beds of Compin and La Cuesta may 
have been smaller. 
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It can be observed that the HRF units of La Cuesta 
presented the characteristic second peak of turbidity 
during the second half of the drainage operation, whilst 
Compin does not show this regime. 
A direct method of assessment of the deposits distribution 
in the filter beds after drainage was tried in La Cuesta 
and Compin. After the drainage of the first stage of the 
HRF's, the filter beds were excavated at different 
representative points to a depth of 100cros below the 
operation water level. The samples of gravel were taken 
to the laboratory for total solids analysis (see Section 
5.3.1). The results are presented in Table 5-15. Three 
distinct ranges of residual filter load levels in the bed 
(<1,1-3 and >3 g/1) are presented schematically in Figure 
5-21. It is evident that the removal of deposits from the 
filter beds during the hydraulic cleaning is uneven. This 
observation would suggest the inadequacy of the 
underdrainage system. Clearly a more careful approach to 
the design of these collectors is required. 
Cleaning conditions were similar in Cocharcas, La Cuesta 
and Compin, although for the first two there was an evident 
content of organic matter accumulated in the filter beds (a 
strong characteristic smell was detected in the underdrains 
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TABLE 5-15: Solids retained in the gravel filter beds of the horizontal roughing filters of La Cuesta and Compin after hydraulic cleaning. 
LA CUESTA HRF-1 (30.03.88) 
COMPIN HRF-1 (17.03.88) 
Sampling Solids load 
point retained 
(refr. Fig. 5-21) (g/1) Q 
// 'i / 
// 
i 
// 
i 
II 
I_ý ý' 
. 
ý_J !ý . 
11 
. ,. .. '.: 
z vý pc 
a 3.60 
b a 2.95 3.35 b 3.25 
c 3.36 
d c 3.25 1.41 d 1.30 
e 1.45 
f e 1.62 1.39 f 2.80 
9 1.17 
h 9 1.45 1.18 h 1.85 
1.10 1 1.83 
1.50 1 1.91 
k 1.80 k 1.55 
1 1.96 1 1.53 
2.11 ý 0.90 
2.79 0 1.06 
2.67 0 1.13 
P 2.41 p 1.19 
q 1.81 
r 2.49 
NOTE: samples representative up to a depth of 100 cros of gravel bed 
OUT 
z vo 
Sampling Solide load 
point retained 
(refr. Fig. 5-21) (g/1) Q 
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sampling point COMPIN 
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Solids load, g/1 Q 
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2-3 
1-2 
LA GULSIA 
FIGURE 5-21: Solids retained in the gravel beds of the HRF's 
in 
La Cuesta and Compin after hydraulic cleaning. 
Evaluation period December - March 1988. 
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after the drainage operation). In Compin the solids were 
in appearance of mineral origin (reddish clay). The 
organic smell is evidence of the biological activity 
developed in the filter beds. This can be a factor in the 
consolidation of deposits and the difficulties experienced 
for their removal during hydraulic cleaning. (This effect 
has been suggested by Wolters et. al., 1989; and Wegelin 
and Mbwette, 1989. ) 
The operation of hydraulic cleaning as practised in 
Cocharcas, La Cuesta and Compin involves hours of 
interruption of the units (repeated cycles of inundation of 
the structures, drainage and re-filling). The drainage 
involves the instantaneous discharge of many cubic metres 
of water requiring adequate canals and final disposal 
areas. Furthermore the filter structures bear additional 
costs because of their elevated walls. Bearing these 
aspects in mind, the results obtained would not appear to 
compensate the efforts displayed. 
5.4 DISCUSSION 
a) The rehabilitation intervention. 
The three HRF projects discussed in this Chapter were 
developed to rehabilitate existing facilities. As such, 
the interventions addressed the whole spectrum of problems 
found in the supply. (Source, treatment works, 
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distribution, and training, organization and continued 
supervision of the community. ) This approach has proven 
successful in recommissioning deteriorated schemes, and the 
last inspection performed by the Peruvian Ministry of 
Health in March 1989 showed that the systems were now 
delivering safe water on a continuous basis (this is 2 and 
3 years after the interventions). 
b) Design and construction. 
The 3 HRF schemes were dimensioned under the assumption 
that the units were going to operate under extremely high 
turbidity loads (300 + TU) during the rainy season (3-5 
months of the year). In reality what occurs is that high 
turbidity loads appear in peaks of hours because of the 
catchment basin characteristics (highland area) . The 
consequence is that the HRF as designed provide 
disproportionately big structures which will only be 
entirely required for a few days of the year. 
Two recommendations can be made for HRF designs; the first 
one is that careful evaluation should be conducted into the 
turbidity loadings of the selected water sources. The 
second one deals with the possibility of introducing 
effective abstraction devices (i. e. high filtration 
velocity dynamic intakes) to reduce the magnitude of the 
turbidity peaks (Galvis et. al, 1989). Both suggestions 
are geared towards an optimum design of what is a costly 
structure. 
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The HRF units have grown in complication and size due to 
requirements for enhanced wash-water volumes and fast 
hydraulic drainage. The results achieved up to now with 
HRF do not support the continuation of such a practice. 
Headloss development is another factor not registered in 
the author's experience (units operating at less than 1 
m/h, gravel size range 35-40mm, and filter lengths below 
6m). Standard design practice has up to now allowed for 
20-30cm of gravel above the effluent weir level. These 
values can be reduced to 10cros allowing savings in 
filtration material and structure costs. 
c) Costs. 
The entire rehabilitation interventions has individual 
costs estimated at 10-20% of the original construction 
costs of the supplies. These are still substantial values 
and attempts should be made to reduce costs by optimising 
structure dimensions (the costs of the HRF alone fell 
between 20-40 GBP/m3 capacity), and by planning regional 
interventions in order to achieve an economy of scale in 
these projects. 
- 227 - 
d) Evaluation of Performance. 
An extensive evaluation has been conducted for the past 3 
years into the performance of the HRF schemes. The results 
obtained suggest that the HRF have been pivotal in enabling 
the continued and adequate operation of SSF. Furthermore, 
the HRF have proven an effective barrier in the 
bacteriological improvement of polluted (heavily in some 
cases) water sources. (The multiple barrier principle. ) 
Maintenance: The evaluation conducted into the hydraulic 
cleaning operation has demonstrated that the enhanced 
volumes of water (1 . 3m3/m2 of bed) coupled to high drainage 
velocities (60-90 m/h) imply design and operation 
complications which are not compensated by effective 
results. The approach adopted has been a direct 
consequence for the construction of bottom squared 
underdrains, purpose made fast opening gates, and water 
evacuation canals. 
The cohesion developed by the deposits (partly due to the 
influence of organic matter and protracted filter runs) 
could be playing a role in the difficulties experienced to 
clean the filter beds. Careful attention should be given 
to the water quality and particulate matter characteristics 
in future research work on the subject. 
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The approach to hydraulic cleaning of HRF schemes should 
consider minimal disruption to the supply and evacuation 
of bottom deposits whilst minimising the consolidation 
effect in the bed. This will inevitably call for 
optimization of cleaning velocities (underdrainage system 
and gate valves), and optimization of frequencies for the 
operation. 
It is encouraging to know that the research work underway 
in Colombia is heading in this direction (Galvis et. al., 
1989). 
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CHAPTER 6 
PARTICLE ANALYSIS 
"The exact characterisation of particulate matter 
in water is the basis for understanding the 
removal processes used in engineering practice". 
(J. Arboleda, 1973). 
Throughout the thesis, reference has been made to the 
importance of particle characteristics of the suspensions 
both for the treatability of the water and for the 
maintenance procedures. This Chapter. attempts to analyse 
the experience of 6 years of research, design, construction 
and evaluation of roughing filtration through a detailed 
particle analysis study. 
The study used a microscopy technique and was carried out 
during the evaluation of the pilot scale plants for the 
Atarjea Test rig and the full scale plant of Azpitia. It 
has concentrated in two areas: particle characteristics of 
raw water sources, and removal efficiency of particles 
during treatment. 
The Chapter is divided into two parts; Part One presents a 
review of particle analysis methods, and Part Two develops 
the microscopy particle analysis study on roughing filters. 
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PART I: 
6.1 
REVIEW OF METHODS FOR PARTICLE CHARACTERISATION 
ANALYSIS 
BACKGROUND 
6.1.1 Particle characteristics in environmental water 
samples. 
Depending on the level of particulates in suspension or 
dissolved substances, water can appear turbid, coloured or 
both. Turbidity is a measure of the capacity of a liquid 
to scatter a beam of light and it can be due to the 
presence of silt derived from soil erosion, algae, bacteria 
or detritus. 
A basic classification of particles found in natural water 
according to their composition includes: 
Organic particulates: - plants, e. g. algae 
- animals, e. g. zooplankton 
- detritus, e. g. decaying 
organic matter. 
Inorganic particulates: - sand 
- silt 
- clay. 
Particles in water can be further classified by their size 
(diameter, surface area, volume) and shape (geometric, 
irregular). 
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FIGURE 6-1: Size range and analytical methods for detecting 
particulate matter in water. 
10 
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The particle size ranges of concern in this study are 
presented graphically in Figure 6-1 together with the most 
relevant analytical methods. They will be discussed in the 
following section. 
6.1.2 Particle Characterisation Techniques 
Several techniques exist for particle characterisation and 
analysis of environmental water samples. This discussion 
will concentrate on the size range 1-100im, (relevant to 
roughing filtration). They include: 
* Sedimentation techniques. 
* Microscopy. 
* Change of electrical resistivity (Coulter Counter). 
* Particle size analysis. 
A brief account of each technique is presented followed by 
a comparative discussion of the results expected from each 
method. 
6.1.2.1 Sedimentation Techniques 
Sedimentation techniques use the principle of the 
dependence of the falling velocities of particles on their 
sizes and specific gravity. According to Stokes 
law: 
(for spherical particles) 
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u=( Ps - Pf ) dp 2g/ 18 
where: u= settling velocity of a particle 
P8 = density of solid 
Pf = density of the liquid 
p= viscosity of the liquid 
dp = particle diameter 
(6-1) 
Thus by measuring the time for particles to fall a fixed 
height, the size can be deduced. According to Scarlet and 
Ward (1977) the following limitations apply to all 
sedimentation techniques: 
i) Stokes equation is only valid in the laminar flow 
region (Re < 0.2). Eg for water at 25°C and particle 
density 2.5g/ml, the upper limiting size is 50pm. 
ii) The technique is not valid when settling velocities 
becomes comparable to the Brownian motion of the 
particles (approximate particle size lpm). 
iii) Stokes law is incompatible with interaction of 
particles (concentration should be less than 0.05% in 
volume). 
iv) Temperature should be kept constant to avoid 
convection currents. 
v) Complete dispersion of particles must be ensured. 
vi) The equipment set-up is critical. 
There are many variations of the design of sedimentation 
equipment. They can be classified broadly into two groups 
based on the method of calculation employed (Irani and 
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Callis, 1963; Scarlet and Ward, 1977): 
i) Incremental Methods. The concentration of the 
suspension at a given depth is recorded as a function 
of time; they include: 
- Andreasen method: small samples of the suspension 
are pipeted during sedimentation at a specific 
depth and the concentration of particulate matter 
determined. 
- The diver method: a number of "divers" of diverse 
known density are allowed to sink in the 
suspension. The particulate concentration is 
proportional to the difference in density between 
the suspension and the "pure fluid" as measured 
by the position of the "divers". 
- Hydrometer method: again, the difference in 
density between the suspension and the "pure 
fluid" is proportional to the concentration. 
- Photometric method: uses relationships of light 
intensity measured through a suspension at known 
times. 
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ii) Cumulative Methods. The total sediment is measured as 
a function of time, they include: 
- Sedimentation balances: makes use of sensitive 
balances in the bottom of the sedimentation 
vessel. 
- Liquid columns with sediment extract. 
- Radiometric methods. 
6.1.2.2. Microscopy Technique 
Microscopy is the most direct method for particle size 
distribution analysis. It produces information on particle 
shape, number and type which cannot be obtained by other 
means. 
Recommended procedures for analysis have been developed by 
institutions such as the British Standards Institution 
(BSI) (1963), BS3406: Part 4: 1963, and the American 
Society for Testing Materials (1951). 
There are three components in making a microscopic 
measurement: slide preparation, particle observation, and 
counting and sizing of individual particles. 
The mounting of particles on a slide depends on the type of 
microscope used, and on whether or not a permanent mount is 
desirable. When a non permanent slide is required, a drop 
of the dispersion is placed on the slide and a thin cover 
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glass is used to hold it in place and avoid evaporation. 
When a permanent mount of particles on a slide is 
desirable, the use of membrane filters is a commonly used 
method. In some cases the membrane filter can also serve 
as a sample collection device, particularly when particle 
concentration is necessary. 
Particle Observation: An ordinary white light microscope 
is applicable for particle analysis in the range 0.4-100pm. 
Smaller size ranges resort to ultraviolet light (0.1- 
100im), and electron microscopy (0.001-5pm). 
Counting and Sizing: Suspensions with particulate matter 
of uniform size distribution require less particles to be 
counted than those with a broad size distribution (Irani, 
1963). 
In order to obtain a representative size distribution, 
several hundreds of particles should be sized and counted. 
If the particle concentration is so low that only a few 
particles are displayed in a single microscopic field, 
several fields have to be considered (BSI, 1963). 
A calibrated stage micrometer should be used to determine 
experimentally the set microscope magnifications and to 
calibrate the graduated scale in the graticule. It should 
be born in mind that in microscopic particle size 
measurements by eye, only two dimensions can be measured, 
and this should be taken into account for the discussion on 
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representability of the system. It is common to assume 
either a cube or a sphere to compute the volume, 
simplifying the measurement to a simple linear particle 
size (Irani, 1963; Lloyd, 1977). 
The methods currently used are manual and visual 
measurements and photo-micrography. Automatic counting and 
sizing equipment are also commercially available. Although 
highly priced, they reduce the inconvenience of tedious and 
time-consuming procedures and the variability inherent in 
the manual method. 
6.1.2.3. Change in Electrolytic Resistivity Technique 
(Coulter Counter) 
This method determines a number-volume particle size 
distribution of particles suspended in an electrically 
conductive liquid. A pre-determined exact volume of the 
suspension flows through a small aperture having an 
immersed electrode on either side. The particle 
concentration is made low enough by dilution so that the 
particles go through the aperture one at a time. Each 
particle passage displaces electrolyte within the aperture, 
momentarily changing the resistance between the electrodes 
and producing a voltage pulse proportional to the particle 
volume. The resulting series of pulses are amplified and 
measured. By this technique several thousand particles per 
second may be individually counted and sized (Coulter 
Electronics, 1957). 
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The manufacturers of the Coulter Counter instruments claim 
that particle size analysis may be performed in an overall 
size range of 0.4-800jm, although to achieve this range a 
number of different sensors (aperture tubes) are required. 
As an example, Tate and Trussell (1978) reported the need 
to typically use 3 cells whilst evaluating water samples 
containing particulate matter in the range 1 to 200pm. 
Additionally, screening was required between each run to 
prevent larger particles from blocking the orifices. 
The Coulter Counter Principle is used as a reference method 
for several National Standards throughout the world and is 
subject to British Standard 3406: Part 5: 1983. 
6.1.2.4. Particle Counter & Size Analyzer 
The instrument operates on the principle of light blockage. 
Particles in a fluid suspension flow through a channel past 
a window of known area. A collimated light beam shines 
through the fluid at right angles to the direction of flow, 
passing through the fluid to fall on a photocell. The 
signal of the photocell is amplified and measured. 
When a particle passes across the beam, it partially blocks 
the light falling on the photocell. The pulse generated is 
proportional to the projected area of the particle and 
particle size is specified in terms of an equivalent 
spherical diameter. The equipment counts the number of 
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particles within preset size ranges. The total size range 
is determined by appropriate interchangeable sensors. 
Individual sensors with ratios of 60: 1 for larger to 
smaller particle measured are commonly used (Tate, 1978). 
A more recent generation of equipment based on laser 
technology uses the principle of the different light 
diffraction angles of large and small particles to 
determine their sizes (specifications of Malvern 
Instruments Ltd). 
6.1.2.5. Comparability of the Different Techniques 
Reid and Bartone (1971) made comparative measures of the 
particle characteristics of powdered activated carbon using 
various techniques, namely: sieve tests, hydrometer test, 
turbidimetric sedimentation, and photo micrography. They 
reported the highly accurate results produced by microscopy 
though the process was extremely tedious. When attempting 
a comparative analysis of the various methods, it was taken 
into account that the microscopy method yields a 
distribution based on numbers of particles. Irani (1963) 
has shown that if a particle distribution gives a straight 
line on a number basis when plotted on a log probability 
graph paper, the size distribution by weight is a straight 
line on the same coordinates. The same applies for other 
average size basis, e. g. surface area, volume, etc., when 
using the conversions presented in Table 6-1. 
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Irani and Callis (1963) have also demonstrated the high 
accuracy provided by direct particle size measurement 
utilizing a linear scale (microscopy), although recognising 
the disadvantage of the excessive time used per 
determination. The development of electronic counters and 
sizers, whilst expensive, has overcome the problem of time 
taken per determination. The equivalence of particle size 
distributions, measured on the same basis and analyzed by 
different methods is reported by Irani (1963) as shown in 
Figure 6-2. The authors also discuss the discrepancy of 
the Coulter Counter Technique for particle sizes smaller 
than 15pm because of response to physical and chemical 
properties rather than size. 
Tate and Trussell (1978), based the selection of a 
technique on parameters such as: accuracy of measurement, 
reproducibility of results, operational ease (time per 
sample), flexibility, availability of service for the 
instruments, and the cost. They evaluated the Coulter 
Counter, a Particle Size Analyzer and the microscopy 
technique. Since microscopy is a direct measure of 
particle count it was used as a standard. During their 
review, and subsequently during their own work, the authors 
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TABLE 6-1: The Relations between the Average Sizes of 
Nonuniform Particulate Substances, Provided a Log- 
Normal Distribution is Obeyed. 
Average Size 
Geometric mean, 
on weight basis 
Arithmetic mean, 
on number basis 
Surface area 
Volume 
Specific surface 
area 
Symbol 
Mathematical 
Definition 
(Summation 
between 
i=l and 
i= n) 
E niMi 
gig niMi3 
E niMi 
Man ni 
Msa EniMi2 1/2 
T ni 
MV I niMis 1/3 
Fn 
I 
niMi3 
Mss 
E 
niMi2 
Equivalent 
Natural 
Logarithms 
in Terms of 
Statistical 
Parameters of 
Distribution Curve 
by Number, 
Mn and 
On 
In Mn + 3.0 1n26ý 
In Mn + 0.5 1n26n 
In Mn + 1.0 1n26n 
In Mn + 1.5 1 n2(7n 
In Mn + 2.5 in2(7 
Mn and 6n are the geometric mean and the geometric standard 
deviation of the distribution on a count or number of particles 
basis. 
Souce: Irani and Callis (1963) 
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found reproducibility of results between the analysis done 
with the techniques mentioned. Some of these results are 
shown in Table 6-2. Their final choice was the Particle 
Size Analyzer, based on equipment maintenance 
considerations. 
6.1.3 Scope of the Particle Characterisation Analysis 
Programme within this Study 
Traditionally one of the primary indicators of water 
treatment effectiveness has been turbidity. Reduction of 
turbidity or attainment of a given turbidity has been both 
the objective of treatment processes and the evaluation 
tool. Turbidity is an indirect or surrogate measurement of 
particulate material in suspension based on the light 
scattered by particles. Such scattering is a function of 
particle size, shape, refractive index, and number amongst 
other factors (Tate, 1978). Turbidity therefore does not 
always provide the most useful information regarding the 
detailed evaluation of treatment processes for the removal 
of particulates. 
Particle characterization analysis is a more useful 
research tool in water treatment testing because it 
provides a direct measurement of particulate material 
removed both on a quantitative basis (number and size 
distribution), and qualitative basis (particles, 
agglomerates, mineral, organic, etc. ). 
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Research into the nature of the substances present in the 
raw water sources is of primary importance. Development 
and implementation of a technique could be used to 
characterise raw water quality for treatment plant design. 
The separate assessment of the presence of organic and 
mineral particulates, and their relative distribution needs 
to be studied because up to now design parameters for 
roughing filtration processes have been developed on the 
basis and assumption that the predominant material in 
turbid surface water sources is silt derived from erosion 
(Wegelin, 1987). 
An additional feature of the research developed here has 
been the insight into the removal performance of each 
treatment stage. Of special interest are the implications 
of the characteristics of the particulate matter removed by 
the roughing filters. What is left after roughing 
filtration will affect the performance of the biological 
slow sand filtration process. The suggested scenario has 
been one where the roughing filters removed the bulk of the 
particulate material, allowing the slow sand filters to 
function more efficiently. Slow sand filters require 
adequate maturation periods and the establishment of the 
biological layer. By removing the bulk of particulate 
material it was argued that the slow sand filters would 
achieve unparalleled efficiency in the bacteriological 
improvement of water quality. It is now clear that 
roughing filters are more than silt storage vessels and may 
enhance subsequent treatment stages. 
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A final argument which shaped the methodology of the 
evaluation programme was the versatility that the 
analytical method should have. Part of the programme was 
to be developed in the city of Lima, and the other part was 
inevitably to be conducted in a rural community where a 
prototype roughing filter had been installed. 
The method chosen was microscopy, mainly because of its 
simplicity, availability of resources, low cost, and the 
flexibility it offered. The next sections describe in 
detail the characteristics of the programme. 
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PART II: INTERPRETATION OF ROUGHING FILTRATION PERFORMANCE 
USING PARTICLE ANALYSIS 
6.2 OBJECTIVES 
6.2.1. General Objective 
The general objective of the particle characterisation 
analysis programme was the understanding of the phenomena 
observed during the evaluation of roughing filtration 
technology. 
6.2.2 Specific Objectives 
A task of this nature had also intermediate or specific 
objectives. They included: 
a) The development and implementation of a versatile 
particle characterisation technique which could be 
used widely for evaluation purposes and for the 
characterisation of raw water sources for use by small 
community water supplies including those in remote 
areas. 
b) The analysis of particulate matter characteristics in: 
- the raw water of the pilot and prototype plants, 
and to compare them with the published work of 
other researchers. 
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- each treatment stage for a deeper understanding 
of the roughing filters removal mechanisms. 
c) The evaluation of implications for the slow sand 
filters of the water quality characteristics 
subsequent to treatment with roughing filters. 
6.3 METHODOLOGY 
6.3.1 Sampling Programme 
The particle characterisation analysis programme was 
carried out in Peru in two stages. The first stage was 
developed in the Atarjea test rig during the period June - 
October 1985 and the second in Azpitia during the wet 
season period of January - March 1986. 
Atarjea 
The Atarjea test rig was located in the Metropolitan Lima 
Water Treatment plant where the roughing filtration 
research programme was based since the beginning of 1984. 
The rig was assembled with the specific objective of 
developing knowledge in the field of roughing filtration 
technology. The pilot scale trials, which provided the 
design parameters for the construction of the VRF unit in 
Azpitia, were carried out during this first period. After 
the first evaluation programme of the Azpitia water 
treatment plant during the rainy season of 1985, several 
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questions were raised over the operation and maintenance of 
the roughing filtration units. The rig was recommissioned 
and a series of experiments started, one of them geared 
towards the assessment of long term continuous operation of 
gravel filters at high influent suspended solids loads. 
A horizontal roughing filter pilot scale unit, as shown in 
Figure 6-3, was run continuously for 5 months (from 25th 
June to the 30th October 1985). The HRF comprised 3 stages 
of classified gravel of different sizes: 
1st Stage: L= 150 cms, dg = 25-40 mm 
2nd Stage: L= 150 cms, dg = 13-25 mm 
3rd Stage: L= 150 cms, dg = 6-13 mm 
The filtration velocity was controlled at between 0.5 - 
0.65 m/h with an inlet constant feed and monitored in the 
effluent with a "V" notch weir. 
An artificial suspension of approximately 300 NTU was 
prepared from river basin silt deposits and maintained in 
suspension using the mechanism shown in Figure 4-4, Section 
4.2.2. The Particle Characterisation Analysis (PARCH) was 
used to assess the similarity of the artificial suspension 
to that of the turbid water studied in Azpitia during 
1985's wet season. A detailed comparison of the particle 
characteristics of the source waters is presented in 
Section 6.4.1.1. 
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FIGURE 6-3: Pilot scale Horizontal Roughing Filter unit of Atarjea. 
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FIGURE 6-4: Daily turbidity levels of the influent water to the HRF - Atarjea. 
Jun - Oct '85. 
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Water passed continuously through the unit throughout the 
whole period although the 300 NTU suspension was not 
maintained during the night. The pattern of turbidity 
followed daily is shown in Figure 6-4. During the 
weekends, the feed of the suspension was interrupted and 
the level of turbidities fell to between 5-15 NTU, (direct 
river water). 
The monitoring of performance was carried out throughout 
the day, and samples for PARCH analysis were only collected 
when constant conditions were achieved. Samples were taken 
5 cms before the end of each filtration stage from the 
centre of the gravel pack. Flexible 6mm ID tubing was used 
to syphon the samples. Precautions were taken to avoid 
disturbing the water flow through the gravel bed and the 
characteristics of the syphoned samples were monitored 
until constant in order to guarantee representativity. 
Sampling for PARCH analysis was conducted on the following 
days: June : 
July : 
August : 
September : 
October : 
26 
20 
07,13,21,27 
04,10,18,24 
02,09,16,23 
Azpitia 
A preliminary assessment of the particle characteristics of 
the water at the different treatment stages of Azpitia was 
conducted during the evaluation programme of the 1985 wet 
season (Perez et. al., 1985). This provided the first 
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TABLE 6-3 : Chronology of occurrences of direct significance 
to the Particle Characterisation Analysis. 
Azpitia Water Treatment Plant Evaluation 
Programme: January - March 1986. 
DATE OCCURRENCE 
07 Jan 
11 Jan 
12 Jan 
13 Jan 
16 Jan 
23 Jan 
26 Jan 
02 Feb 
04 Feb 
11 Feb 
17 Feb 
22 Feb 
23 Feb 
28 Feb 
01 Mar 
05 Mar 
06 Mar 
10 Mar 
18 Mar 
20 Mar 
Cleaning of PSSF. 
Filtration velocities: VRF = 0.2 - 0.3 m/h 
PSSF = 0.18 m/h 
PARCH sample. (T = 38 NTU) 
Instantaneous turbidity levels reach 1000 NTU. 
Instantaneous turbidity levels reach 7000 NTU. 
PARCH sample. (T = 260 NTU) 
PARCH sample. (T = 140 NTU) 
Plant closed due to maintenance in the source canal. 
VRF and PSSF cleaned. Operation reassumed. 
PARCH sample. (T = 200 NTU) 
PARCH sample. (T = 50 NTU) 
Filtration velocity of PSSF units increased to 0.20 
m/h. 
PARCH sample. Cleaning of one PSSF unit. (T = 40 NTU) 
Irregular operation of 2 PSSF units. 
PARCH sample. (T = 160 NTU) 
Cleaning of one PSSF unit. 
PARCH sample. (T = 110 NTU) 
Cleaning of 2 PSSF units, normal operation reassumed. 
PARCH sample. (T = 30 NTU) 
PARCH sample. (T = 34 NTU) 
End of evaluation programme. 
PARCH = Particle Characterisation Analysis 
T= Turbidity level in the raw water source 
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experience with the methods which were subsequently 
standardised during the Atarjea sampling programme. 
In 1986 sampling was conducted at 4 points of the system: 
the raw water source canal; the effluent of the 
presettler; the effluent of the VRF unit; and the common 
outlet chamber at the outlets of the 3 operating protected 
slow sand filters (PSSF) units. These sampling points are 
shown in Figure 6-5. 
The velocity through the VRF was kept constant at between 
0.2 and 0.3 m/h throughout the period whilst velocities in 
the PSSF units were increased from 0.18 to 0.20 m/h in mid 
February. A chronology with occurrences in Azpitia during 
the evaluation programme coupled to the PARCH analysis 
sampling dates are listed in Table 6-3 to enable a 
perspective into the operation of the plant. The programme 
considered originally sampling for PARCH on a weekly basis. 
6.3.2 Microscopy Technique used in the Particle 
Characterisation Analysis 
The microscopy technique has been adapted from the 
experience of Carter et al (1962), and from the British 
Standards Institution (1963). 
6.3.2.1. Equipment 
a) Oxfam - DelAgua portable membrane filtration 
equipment. 
b) Filter membranes, Gelman: 47mm x 0.45 m, grid. 
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c) Immersion oil. 
d) Slides and glass covers. 
e) Light microscope, Bausch and Lomb, 400x magnification. 
f) Eye piece graticule. 
g) Stage micrometer. 
The data was processed in a PC Amstrad 1512 with a 
Supercalc 3 electronic spreadsheet. 
6.3.2.2. Procedure 
Sample Preparation: 
a) The samples were in every case prepared for analysis 
immediately after collection in order to avoid 
alterations to the characteristics of the particulate 
matter. 
The samples were filtered through Gelman 47mm x 0.45}, im 
membrane filters using an Oxfam - DelAgua portable 
filtration equipment. Usually the water was too 
turbid to filter 100ml volumes, so the sample was 
diluted and a suitable volume processed. 
following convention was used: 
The 
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Level of Dilution Volume of 
Turbidity Factor Sample Filtered 
(NTu) (ml) 
>200 20 50 
100-200 10 50 
50-100 5 50 
5-50 1 50 
<5 1 100 
The membrane filter was labelled and allowed to dry. 
b) A drop of immersion oil was placed on a slide and 
spread evenly with a loop. 
c) A part of the membrane (approximately one square 
centimetre) was cut and placed on top of the immersion 
oil on the slide. The oil was absorbed by capillarity 
through the membrane pores without disturbing the 
particles deposited on the surface of the membrane, 
enabling a perfectly translucent specimen for the 
microscopy analysis. The rest of the membrane was 
preserved for future reference. The process is 
presented schematically in Figure 6-5a. 
Calibration of the equipment: 
d) The light microscope was set up for the analysis at 
400x magnification (eye piece 10/objective 40). 
An eye piece graticule was calibrated with a stage 
micrometer prior to the counting and sizing. 
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WATER 
SAMPLE 
1.1 
$ VACCUM APPLIED 
EXTENSIVELY TO 
DRY MEMBRANE 
3. DROP OF OIL 
d ON SLIDE 
DRY-UP 
4" DISPERSE 
OIL 
6. 
SCUT ADEQUATE 
PIECE OF MEMBRANE 
MEMBRANE 
tt! 
COIL 
SLIDE 
OIL RENDERS MEMBRANE TRANSLUCENT 
8. 
PLACE MEM- 
BRANE ON 
SLIDE 
400 x 10 
MAGNIFICATION 
PARTICLE COUNT WITH MICROSCOPE 
FIGURE 6-5a: Sample processing for particle analysis with the 
microscopy technique. 
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Sample Observation, Counting and Sizing: 
e) The total particle size range observed and 
subsequently selected as standard for the analysis 
ranged from 1 to 50 micrometer. To facilitate the 
counting, this range was sub divided into 6 size 
intervals: 1-2,2-5,5-10,10-15,15-25, and 25-50 
micrometers. A single dimension was considered for 
each particle, in general the narrowest diameter. 
Within each size subrange particles were further 
classified as: 
- mineral particles: referred to clays, quartz or 
other particles of mineral origin. 
- organic particles: pieces of fibre, algae 
(single or in groups), diatom cells, (single or 
in clusters). 
- mineral and organic agglomerates: mixtures of 
both. 
Experience on the characterisation of different types 
of particles (mineral, organic and agglomerates) was 
acquired through observation of pure mineral 
suspensions (based on Kaolinite) and organic laden 
sewage water. 
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The samples were 
environmental lab. 
all analysed by the same 
technician and checked by the 
author. 
Figure 6-5b presents a report form with an example of 
a record from Azpitia. Plate 6-I shows a photo- 
micrography of a particle analysis sample. Particle 
types are indicated and a transparency. is superimposed 
to demonstrate the effect of the calibrated eye piece 
graticule used during counting, sizing and 
identification of particulates. 
The author recognises that there are inherent 
limitations for the accurate identification of the 
composition of every single particle, specially in the 
smallest size range, 1-2}lm. However, it is suggested 
that the gains in the qualitative assessment of the 
different types of particulate matter present offsets 
in this case the inexactitudes of the observations.. 
f) For the evaluation of Total Particulate Volume, the 
particles were treated as cubes. It was observed 
through the microscope that the organic particles and 
agglomerates contained a significant amount of void 
space and tended to flatten out against the membrane. 
Under this circumstance the vertical thickness was 
about 1/4 to 1/2 of the minimum diameter of the 
particle, whilst the maximum width was about 2 to 4 
times the minimum diameter. Thus the assumption that 
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the agglomerates and organic particles were cubes 
having edges equal to the minimum diameter was 
adequate. The number of particles departing widely 
from the approach were of little significance to the 
overall calculations. This was also observed and 
reported by Carter et al, 1962. Whilst the mineral 
particles did not deform, the assumption of cubes was 
judged appropriate for uniformity in the calculations. 
g) To establish the amount of particles which had to be 
counted in each analysis in order to have a 
representative number for the sample, preliminary 
evaluations were carried out using the raw water 
sources of both Atarjea and Azpitia. 
The variation of the calculated geometric mean 
particle diameter on a volume basis in the case of 
Azpitia, is illustrated in Figure 6-6. It shows that 
if more than 500 particles are measured, a 
representative analysis can be expected. An 
equivalent analysis for Atarjea showed little 
difference. (BSI, 1963, recommends a minimum count of 
625 particles for a precision of 5% at the medium 
particle size). 
According to Irani (1963) materials with uniform size 
distribution require less particles to be counted than 
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PROYECTO DE INVESTIGACION DE 
PREFILTROS DE GRAVA 
Anälisis de caracterizaci6n de partrculas 
Punto de muestreo 
RAW WATER CANAL 
Factor de Di1uciön 
. 
0/100 
Volumen Filt rado (m t) 50 ,,,,,, 
Hoja N° .. 
i.. de 
.. 
4.. 
Muestreo 
..... 
GU... 
Fecha . 
23: 01.86 
Analisis 
.......... 
Fecha ...... 
TIPO Y RANGO DE TAMARO DE PARTICULA 1, 
No 1-2 2-5 5-10 10-15 15-25 25-50 > 50 
M N 0 M N 0 M N 0 M N 0' MN 0 MN0 MN0 
1 9 10 35 5 6 8 2 4 8 1 1 4 1 
2 5 8 27 3 4 7 1 1 1 1 1 1 
3 6 7 16 3 2 9 1 7 4 1 3 4 1 1 1 
4 3 6 14 5 4 7 1 3 5 1 2 
5 3 8 21 1 4 5 1 2 1 1 
6 4 6 18 3 7 9 1 1 3 1 3 
7 3 4 26 2 2 10 1 7 1 1 2 
8 3 7 28 1 3 9 1 1 9 1 3 
9 3 9 19 4 3 20 1 6 5 1 5 
10 6 5 24 2 5 9 1 2 3 1 1 1 1 
11 5 7 21 2 4 13 1 2 11 2 2 
12 10 9 24 4 3 11 1 4 5 1 2 1 1 1 
13 8 12 18 3 8 17 1 3 8 2 1 5 1 2 
14 6 8 23 2 6 9 4 2 7 1 1 4 1 
15 6 7 22 4 4 9 2 1 6 3 3 1 
16 3 6 20 1 5 8 1 5 7 1 1 2 1 
17 3 5 19 3 8 10 1 4 5 1 2 
18 3 5 16 4 5 11 1 2 3 1 1 3 1 1 
19 4 6 18 2 4 9 2 4 1 2 1 
20 4 4 9 2 3 8 1 2 5 1 
21 2 6 9 2 4 6 1 2 1 
22 3 5 15 1 4 8 1 6 1 
23 3 6 18 2 3 4 1 1 4 1 
24 3 4 12 1 4 2 1 
25 4 7 18 2 6 15 2 1 8 
bub 
otal 112 159 498 63 105 235 28 57 124 9 25 52 10 8 2 
OTAL 769 403 209 86 18 2 
M: particula predominantemente mineral 
N: particula mineral u orgänica 
0: particula predominantemente orgänica 
17 16 15 14 13 
18 5 4 3 12 
19 6 M 2 11 
20 7 8 9 10 
21 22 23 24 25 
FIGURE 6-5b: Particle characterisation analysis report form. 
Data for a sample of Azpitia raw water source, 
23 January 1989. Turbidity 140 NTU. 
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those with a broad size distribution. In Peru it was 
observed that the particulate matter presented a more 
uniform size distribution with subsequent treatment 
stages given that the bigger particles were removed. 
The minimum number of 500-600 particles counted per 
sample was therefore adopted as representative for all 
the particle characterisation analysis. 
6.3.2.3. Calculations 
Particulate matter is predominantly found to be a 
distribution of particle sizes, and as such the purpose of 
particle size analysis is to discover the true frequency 
distribution of particle size. The observed distribution 
serves as the basic data from which may be derived certain 
representative constants, for example the mean size and 
standard deviation. 
The most common way of presenting frequency distribution 
data is by tabular form since the data is expressed 
explicitly. An example derived from the experiments is 
presented in Table 6-4. However, when large numbers of 
samples have to be compared, the graphical and the 
mathematical presentations become more desirable than the 
tabular form. Example of particle size distribution 
histograms are presented in Figure 6-7. The data in Figure 
6-7a(i) shows two distributions skewed to the left by a few 
high values, and a normal distribution. The histogram of 
Figure 6-7a(ii) shows particles with maximum frequency of 
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occurrence within the first few class intervals. This fits 
an exponential distribution. Figure 6-7b shows the 
exponential distribution characteristic of the particle 
size distributions analysed during the thesis work. 
Another useful graphical presentation is the cumulative 
plot distribution. This will be used extensively in 
Section 6.4.1. 
The mean geometric size, Mn and the geometric standard 
deviation, 6n, can be used to define the distribution 
function: 
M= (M1 M2 ..... Mn)l/n 
(6-2) 
or for a frequency distribution: 
i=n 
log Mn = (ni log Mi) (6-3) 
i=1 
i=n 
ni 
i=1 
and 
i=n 
ni (log Mi - log M)2 lie 
i=1 
1og Qn = 
i=n 
L1 
ni 
(6-4) 
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TABLE 6-4 : Size Distribution of Particles. Frequency and 
Cumulative Distribution 
Size No. of Percent 
Range Particles frequency 
in size 
range 
(pm) 
100. (2)/n 
Magnitude Observations 
of grouped equal to or 
observations less than 
in class mean stated class 
(um) mean 
(mean of 
range) 
Number 
(see 
note) 
Percent 
100. (5) 
/n 
(1) (2) (3) (4) (5) (6) 
1-2 586 59.0 1.5 293 29.5 
2-5 296 29.8 3.5 734 73.9 
5-10 77 7.8 7.5 920.5 92.7 
10-15 23 2.3 12.5 970.5 97.7 
15-25 8 0.8 20.0 986 99.3 
25-50 3 0.3 37.5 991.5 99.9 
Total n= 993 100.0 
Note: On the assumption that half the observation lie to 
either side of the class mean, this is calculated as 
the sum of the observations below the class interval 
plus half the observations in the class interval. This 
calculation is usually followed for plotting purposes. 
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M can also be defined as the value of M at which 50% of the 
particles are greater than, and 50% smaller than the stated 
size. The geometric standard deviation, ßn, is unitless. 
An example of the steps followed to calculate Mn and 6n with 
the aid of a personal computer is presented in Table 6-5. 
(Mean geometric size calculated on a number basis, Mn). 
The geometric mean size on a volume basis is calculated 
using the mathematical definition of Table 6-1: 
i=n 
MV = nl Mi3 
i=1 
i=n 
n i 
1=1 
1/3 
(6-5) 
The total number of particles per unit volume of sample or 
Particle Number (PN) is calculated from the size and 
frequency data as: 
i=n 
PN =I ni xDx K1 
(6-6) 
i=1 
Vol 
where: 
PN = total number of particles per ml, ml-1 
D= dilution factor 
K1 = extrapolation factor from the membrane 
filter 
area analyzed, to the whole filtering area of the 
membrane. 
Vol = volume of sample filtered, ml. 
The total volume of particles per unit volume of water can 
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be then calculated as: 
TVP =F4x PN x K2 
where: 
TVP = total volume pf particles, ul/l 
My = mean particle size by volume, 
K2 = dimensions constant. 
(6-7) 
When calculating the total volume of particles for each 
particle size range, the mean size of the particle size 
range was used. Therefore: 
TVPi = Mi3 x Particle Number x K2 (6-8) 
where: 
TVP1 = total volume of particles for the specific 
particle size range, pl/l. 
Mi = mean of particle size range, e. g. dpi = 2- 
5um, Mi = 3.5µm . 
K2 = dimensions constant. 
Authors as Scarlett and Ward (1977) have suggested that if 
a volume, mass or other distribution is required, it is 
more accurate to measure one if that is possible, instead 
of using conversions. The author recognises the 
inaccuracies of using linear observations to calculate 
volumes, given the magnification of errors with 
extrapolation. However, the use of volumetric 
concentrations provides a valuable tool for removal 
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efficiency analysis, and a qualitative insight into the 
removal efficiency patterns. The author again suggests 
that this benefits offset the referred inaccuracies. 
6.4 RESULTS 
This Section is divided into two parts: the assessment of 
raw water characteristics, and the evaluation of removal 
efficiency during treatment. 
6.4.1. Particulate Matter Characteristics in Raw Water 
Sources 
The particle characterisation programme in Peru was divided 
into two components as discussed in the Methodology 
Section: a first stage carried out in the Atarjea test rig 
in 1985 and a second stage during the evaluation of the 
Azpitia water treatment plant (WTP) during the rainy season 
of 1986. A comparative assessment of both raw water 
sources will be presented. The WTP at Azpitia has a 
presettler prior to the Vertical Roughing Filter, therefore 
a brief discussion on the particle characteristics of the 
effluent of the presettler is incorporated. In some cases 
for Azpitia the term "water source" or influent will be the 
water entering the roughing filter although that water has 
been presettled. 
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The second part of this analysis compares the particle 
characteristics of the water source of Azpitia and the 
water sources used in the reported research of IRCWD 
(Wegelin, 1987), which led to the development of the first 
set of rational guidelines for the design of horizontal 
roughing filters. 
6.4.1.1. Atarjea and Azpitia in Peru 
The experiments on the Test rig of Atarjea provided a water 
source of constant characteristics. The particle size 
distribution (PSD) of the raw water source is presented in 
Figure 6-8. It can be appreciated that the mineral 
particle (MP) size distribution resembles that of the total 
particle analysis, TPA, with geometric mean sizes on a 
number basis, Mn, of 2.4 and 2.8 pm and 80% of the particles 
recorded, in the range 1 to 8 pm. The organic particles, 
OP. and the mineral and organic agglomerates, MOA, are of 
a different size range, with Mn 's of 9.8 and 10 um 
respectively, and 80% of the recorded particles falling 
between 5 and 20 pm. 
The particle size distribution of the raw water source of 
Azpitia recorded during the rainy season of 1986 is shown 
in Figure 6-9. 
- 272 - 
Azpitia showed a smaller variation between the PSD of the 
different types of particles. The OP had a Mn of 2.1 pm and 
the MOA a Mn of 3.7 pm; and MP and TPA a Mn of 2.3. Eighty 
per cent of the particles fell in the range 1-6 pm. 
Although the solids load in the water source varied widely 
(10-1000 NTU) the PSD did not have a big variation as can 
be seen from the dispersion in the plot for the total 
particle analysis. 
Additionally to this evaluation, 2 samples were taken and 
analyzed for Azpitia during the dry season. The first one 
was taken in June 1985 during a normal low load of solids 
in the river, and the second one after a minor rainfall 
(late August 1985). both had recorded turbidities of less 
than 5TU. The total PSD on a number basis is shown in 
Figure 6-10. Sample 2 presents an atypical distribution 
whilst Sample 1, although carrying smaller particles, has 
a similar distribution pattern to the total PSD of the wet 
season. This is interesting given the crystalline 
appearance of the raw water in the dry season. The actual 
loads analysis presents nevertheless the real picture. As 
seen in Table 6-6 the Particle Number, PN, values are 1 and 
3% of the mean values recorded during the rainy season and 
the composition of the particulate matter is substantially 
different. Whilst in the dry season between 80 and 90% of 
the PN was of mineral origin, on average in the rainy 
season only 12% presents a pure mineral origin. 
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Finally Figure 6-11 shows that there was little variation 
in practical terms between the PSD of the presettled water 
(1 hr theoretical retention time) and the raw water source. 
The PSD of the total particle analysis of Atarjea and 
Azpitia are very similar as shown in Figure 6-12. Table 
6-7 shows the geometric mean sizes for the water sources of 
Atarjea and Azpitia. The most similar are the mineral 
particles (MP) with practically identical distributions. (Mn 
of 2.3 and 2.4 }im and both 6n of 1.8). The difference lies 
again in the OP and MOA. For convenience the 
characteristics of the particulate matter of the presettler 
effluent in Azpitia are also incorporated into Table 6-8, 
and the similarities with the Azpitia raw water are 
obvious. Table 6-8 shows the average relative percentage 
difference in the particle numbers (PN) classified by 
composition. The PN for Atarjea shows a predominance of 
mineral particles (MP = 88%), whilst in Azpitia (rainy 
season) the organics (OP) form more than 70% of the total 
composition. 
In summary, whilst the total particle size distribution of 
the raw water sources of Atarjea and Azpitia resembled each 
other, major differences were found in the organic and 
mineral composition of the particulate matter present. 
Significantly, the PSD and composition of the raw water 
source of Azpitia changed from the rainy season to the dry 
season. 
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FIGURE 6-10: Total particle size distribution of the raw water source - Azpitia. Two samples 
taken during the dry season 1985, and average values for the wet season 1986. 
Distribution on a number basis. 
TABLE 6-6 : Comparison between the Particle Number 
characteristics of the raw water source of Azpitia 
during the dry and wet seasons. 
PARAMETER 
DRY SEASON 
Sample Sample 
(1) (2) 
WET SEASON 
(average values) 
Particle Number 191 447 13'289 
(x 1000 per ml) 
$ Mineral particles 90 82 12 
$ Mineral & organic 
aglomerates 5 11 17 
$ Organic particles 58 71 
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6.4.1.2. Comparison with IRCWD/EAWAG Experiments in 
Switzerland and Tanzania 
The comparison of the characteristics of the raw water 
sources of Atarjea and Azpitia with that reported for the 
work of Wegelin in Tanzania and EAWAG/IRCWD Switzerland is 
of particular interest. The work of Wegelin has led to the 
development of mathematical filter models and design 
guidelines for the layout and long term performance of 
horizontal roughing filters (Wegelin, 1984 and 1986; and 
Wegelin et al, 1987). 
Wegelin's laboratory experiments were conducted using a 
Kaolin suspension; its PSD presented in Figure 6-13. The 
analytical equipment used was a Coulter Counter TA II and 
the analysed particle range went from 1-20 pm. It was 
reported that about 55% of the particles were finer than 
lum but these were disregarded in the analysis. Particles 
of less than 1 um also were close to the limit of visual 
detection using the microscopy technique in Peru. It can 
be assumed in both cases that given the individual particle 
sizes, the volumes of particulate matter involved are of 
relatively little significance to the overall analysis of 
roughing filtration. 
Figure 6-13 also presents the PSD of three water sources 
and a model suspension of Tanzania (Wegelin et al, 1987). 
The geometric mean sizes by Volume, Mv, of the IRCWD set and 
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TABLE 6-10: Average geometric mean size by volume of the 
particles in source water of Azpitia and Atar j ea . 
Sample 
Source 
Geometric 
by volume, 
mean 
_size My Cyn 
(pm) 
Azpitia, raw 
water source: 
Mineral particles 4.4 1.8 
Mineral and organic 
agglomerates * 9.2 2.1 
Organic particles 4.4 1.7 
Total particle 
analysis 5.9 1.8 
Azpitia, pre- 
settled water: 
Mineral particles 3.9 1.7 
Mineral and organic 
agglomerates * 8.4 2.0 
Organic particles 3.4 1.6 
Total particle 
analysis 5.0 1.7 
Atarjea, raw 
water source: 
Mineral particles 5.8 1.8 
Mineral and organic 
agglomerates * 15.8 1.7 
Organic particles 13.5 1.7 
Total particle 
analysis 8.3 2.1 
* It is important to note that when the mineral and organic 
particles associate physically to produce an agglomerate 
they produce a size volume (at Azpitia) whose mean value is 
more than twice that of the individual constituents. 
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Azpitia are presented in Tables 6-9 and 6-10. The Mv's of 
the presettled water sources in Tanzania and Switzerland 
show resemblance with that of Azpitia, whilst the model 
suspensions show smaller particulate sizes. (Mn of 2.8 for 
EAWAG and Dar es Salaam compared to M, of 5.0 for the 
presettled water of Azpitia). 
Particle Number analysis provides an additional element of 
comparison. The Kaolinite suspension of IRCWD/EAWAG 
contained 9x 106 particles per ml for a turbidity of 65 NTU 
and solids concentration of 100gm TSS/1. The suspension 
used in the experiments ranged from 50 to 200mg TSS/1 
(Wegelin et al, 1987). The tests conducted on a weekly 
basis in Azpitia in 1986 showed an average of 1x 107 
particles per ml for a turbidity of 210 NTU and solids 
concentration of 165mg TSS/l. (The analysis were conducted 
on days with turbidities in the presettled effluent ranging 
from 290 to 20 NTU). 
The most important difference is however the nature of the 
particles. The IRCWD model suspension was 100% inorganic 
(Kaolin), whilst for Azpitia as seen from Table 6-8 the 
organic particles represent on average more than 70% of the 
Particle Number during the rainy season, and at least 5% 
during the dry season. As will be discussed in the next 
section, the influent water characteristics and the extent 
to which the organic related matter is removed during 
roughing filtration provides an important additional and 
clarifying view to enhance the design guidelines and long 
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term performance operation practices of roughing filters as 
proposed by Wegelin (1986). 
6.4.2. Particle Removal Through Roughing Filtration 
This section is divided into two main components, the first 
one deals with comparative removal efficiency of the 
different particle size ranges during filtration, and 
focuses on how and to what extent smaller particles can 
pass through the roughing filtration barrier and penetrate 
the slow sand filters. The second component deals in 
detail with the degree to which the different types of 
particles (mineral, organic, and agglomerates) are removed 
during treatment. 
Filter Efficiency 
According to established filter theory, filter efficiency 
can be expressed as: 
dc /dx =-AC (6-9) 
where 
c= concentration of solids 
x= filter depth 
A= filter coefficient, as defined by Iwasaki 
(1937). 
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The filter coefficient A 
parameters, namely: 
is a function of several 
a) Interstitial flow pattern; a function of the 
filtration rate and the pore size distribution. 
b) Grain surface area; a function of the size and shape 
of the filter media. 
c) Stokes law parameters; a function of the densities of 
the particles and the water, and the size of the 
particles. 
As time progresses during the filter - run, the volume of 
solids retained in the filter bed increases the filter 
surface area available for deposition but decreases at the 
same time the filter porosity altering the interstitial 
flow pattern. The volume of solids retained by the filter 
is expressed by the volumetric filter load, O,, as volume 
of material per unit filter volume. Qv is time dependent 
and varies with position in the filter. 
According to Ives (1975) the filter coefficient function 
has the following characteristics: 
A_ ýo +K O" - (ý 6v2 / Po - 6V) 
where: 
AO = initial filter coefficient 
(6-10) 
K= constant (K 0', accounts for the increase in the 
filter coefficient and hence on the filter 
efficiency due to increase in surface filter area 
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with particle deposition) 
fl = constant; a function of the pore constriction due 
to particle deposition. 
Po = initial porosity of the bed. 
The third element of Equation 6-10 62 /Po-6 
reduces the filter coefficient and hence the filter 
efficiency as a function of decreasing pore size. This 
varies the interstitial flow patterns increasing the scour 
over the increasingly less stable deposits. The function 
is shown graphically in Figure 6-15 which also presents its 
evolution with filter load according to various authors. 
Wegelin et al (1987) has argued the suitability of particle 
specific filter coefficient, A1, which for a short time 
interval is constant through a filter element. The removal 
of a particle fraction of size dpi can be formulated as: 
dCi / dx =-Ai Ci 
where: 
C; = concentration of particles of size dpi 
(6-11) 
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FIGURE 6-15: Diagram of the relationship between filter load, ß, 
and filter coefficient, A , according to various 
authors. Source: Ives (1975). 
0< 
H 
z 
W 
U 
LL- 
L- 
W 
0 
U 
W 
I- 
-J 
LL. 
in 
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filter load as reported from experimental 
observations by Wegelin (1987) using Kaolin only. 
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FILTER LOAD. 6 
Integrating between inlet and outlet limits: 
Al 
where: 
1/ AX) in ( Cio / Cie) (6-12 
Cio = inlet concentration of solids 
Cie = outlet concentration of solids. 
The author recognises that the term Ax in Eq. 6-12 stands 
for small segments of a filter bed. The use of a whole 
segment of the filter bed encompasses a methodologic 
licence. However, the objective of the analysis is not the 
derivation of filter coefficients for use in calculation 
models, but to visualise the evolution of the removal 
efficiency of individual particle size ranges as a filter 
run progresses. 
6.4.2.1. Removal Efficiency as a Function of Particle Size 
a) Atarjea - Experimental HRF evaluation. 
An experiment was carried out in the Atarjea test rig using 
the pilot scale horizonal roughing filter. The HRF was run 
continuously for 127 days at a constant inlet load as 
described in Section 6.3.1. The recorded results for the 
protracted filter run of turbidity and suspended solids are 
shown in Figure 6-17. This approximate steady inlet 
condition made the evaluation of particle specific filter 
coefficient possible. The relative efficiency with which 
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FIGURE 6-17: Levels of Turbidity and Total Suspended Solids in 
the different filtration stages of the pilot scale 
HRF - Atarjea: Jun - Oct '85. 
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a specific particle size range is removed is expressed by 
the particle specific filter coefficient function. From 
Equation 6-21: 
Ai=f (L, Cie, Cio 
L is the filter length and is to be assumed as the length 
of the filtration stage or the entire filter unit, so it 
can be assumed constant for the individual calculation. Cio 
is assumed constant, so the evolution of the i function is 
defined by the effluent conditions and not also by variable 
influent conditions. Also: 
Ai 
=f (avi ) 
Ovi is a function of time, and given the constant inlet 
conditions Ai can be approximated as a function of time 
without widely departing from the model conception. 
Figure 6-18 shows the plot of for individual particle 
size ranges. The calculation has been made for the entire 
HRF structure using Equation 6-12. 
Ai 
X= 
Clo = 
=(1/ ja x) . in ( Ci0 / Cie ) 
filter length, 450 cros 
influent total volume of particles, TVP, 
(pl/l) of the stated particle size range 
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Cie = effluent TVP, (p1/1) of the stated particle 
size range, 
The ordinate scale has been expanded to portray slight 
variations in the Ai levels with time, and a curve of best 
fit highlights the general trend. Figure 6-19 presents the 
curves together, and it can be seen that the functions 
are stepped throughout the filter run, showing a 
consistently higher Ai for the bigger particle size range. 
It can be appreciated that the Ai for dp = 10-15 pm is 
approximately twice the magnitude of Al for dp = 1-2 pm. 
The second important element from the graph is the initial 
increase and subsequent decrease in Ai during the filter 
run. This could prove in accordance with Equation 6-10 and 
Figure 6-15. This aspect will be discussed further when 
analyzing the type of particulate (mineral, organic) 
removed by the roughing filters. 
For particles greater than 15 pm (two more size ranges were 
studied, 15-25 and 25-50 um) a substantial removal was 
constantly achieved and has not been presented in the same 
analysis because of the confounding effect of the 100% 
removal factor in the logarithmic relationship: 
In (Cio/C1e) , producing 
infinity values of A1. Few samples 
presented effluents containing particles in the size range 
15-50 pm. 
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TABLE 6-11 : Particle Number values in the Horizontal Roughing 
Filter of Atarjea test rig. Data classified by 
size range of particles. Average values for the 
evaluation period June-October 1985. 
Size Para- Raw HRF Effluent 
Range meter Water 
(pm) 
1-2 PN 5,576 538 
$ Sample 53 84 
$ Removed 84 
2-5 PN 2,663 70 
$ Sample 29 12 
$ Removed 97 
5-10 PN 911 16 
% Sample 10 3 
% Removed 98 
10-15 PN 462 8 
$ Sample 5 1 
$ Removed 98 
15-25 PN 210 1 
$ Sample 2 <1 
$ Removed 99 
25-50 PN 58 0 
$ Sample 1 0 
$ Removed 100 
Notes: 
PN 
% Sample 
% Removed 
= Particle Number x 1000, per ml. 
_% ratio of PN to the total PN of the sample 
_% of PN removed 
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An analysis of the mean values of PN is presented in Table 
6-11. Two aspects are worth special attention: 
The first aspect is the proportion of particles of the 
smallest size range analyzed (1-2 pm) was on average 53% in 
the raw water, increasing to 84% after the treatment. 
Further more particles smaller than 5 im amount to 96% of 
the total on a number basis. 
The second aspect is the relatively low percentage removal 
of the 1-2 pm particles, 84%, compared to the rest of the 
size ranges, 97-100%. 
b) Azpitia - VRF Treatment Plant Evaluation 
The conditions stated for the evaluation of the testing HRF 
in Atarjea differ substantially from those found whilst 
evaluating an operational water treatment plant in the 
field. The incoming solids load varied substantially 
within the wet season of 1984 evaluation period as has been 
shown in Chapter 4, (Figure 4-17). 
The direct calculation of the filter coefficient as a 
function of filter load and hence of time was confounded by 
the extreme variations influent solids load. Furthermore, 
the water treatment plant was decommissioned and cleaned 
during the last week of January 1986. 
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Figures 6-24 and 6-25 present the relationship between 
influent level of solids and the removal efficiency 
throughout the evaluation period (Jan-Mar 1986). This is 
analyzed for both TVP and PN and it can be seen that 
removal shows a marked correspondence with the fluctuation 
of the incoming level of solids. 
The removal efficiency has been calculated as an average 
for the period and is presented on a number basis (Particle 
Number per ml) in Table 6-12. It shows that 98% of the 
particles of the effluent of the VRF are less than 5 pm, 
and that particles greater than 10 pm are practically all 
removed during the pretreatment stage. Figure 6-26 shows 
the degree to which the particle volumes are removed by the 
VRF. Once again a proportionally small removal of the 
small size particle range, and substantial removal of 
particles greater than 10 pm. 
Plate 6- II shows a photo-micrography of particle analysis 
samples of the raw water source and effluents of the first 
and third stages of the HRF of Azpitia. The samples belong 
to a different evaluation period (April 1985) but presents 
a good illustration of decrease in average particle size 
with the roughing filtration process. 
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TABLE 6-12 : Particle Number values for the different stages 
of the water treatment plant of Azpitia. Data 
classified by size range of particles. Average 
values for the evaluation period January - March 1986. 
Size Para- Raw SED VRF 
Range meter Water 
(pm) 
1-2 PN 8,172 7,247 2,233 
$ Sample 62 66 74 
$ Removed 5 72 
2-5 PN 3,950 3,502 1,105 
$ Sample 27 . 26 24 $ Removed 17 77 
5-10 PN 1,110 837 94 
$ Sample 7 6 1 
$ Removed 12 91 
10-15 PN 341 217 9 
$ Sample 2 1 <1 
$ Removed 38 91 
15-25 PN 107 36 .2 
$ Sample 1 <1 <1 
$ Removed 57 99 
25-50 PN 21 2 0 
$ Sample <1 <1 0 
$ Removed 92 100 
Notes: 
PN = Particle Number x 1000, per ml. 
% Sample =% ratio of PN in the size range to the total 
PN of the sample 
% Removed =% of PN removed in the treatment stage 
SED = Pre-settler 
VRF = Vertical Roughing Filter 
SSF = Slow Sand Filter 
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TVP = 5,150 ul/1 
EFFLUENT 1ST VRF STAGE 
TVP = 1,438 ul/1 
EFFLUENT 3RD VRF STAGE 
TVP = 45 ul/l 
TVP: TOTAL VOLUME OF 
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PLATE 6-11. PHOTOMICROGRAPH OF PARTICLES PRESENT AT DIFFERENT STAGES 
OF TREATMENT. MAGNIFICATION 400X. APRIL 1985, AZPITIA- 
PERU. (ADAPTED FROM PEREZ, PARDON, ET AL, 1986) 
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6.4.2.2. Removal Efficiency as a Function of the Type of 
Particulate Matter 
The following analysis concentrates on the two pretreatment 
stages, the presettler and the vertical roughing filter of 
Azpitia, although it will also comment on the slow sand 
filtration stage. 
Tables 6-13,6-14,6-15 and 6-16, show the particle 
characteristics of the effluent water at each treatment 
stage, classifying it by type of particulate matter. For 
each stage it can be observed that the magnitudes defining 
Mn, PN and TVP vary according to the influent levels of 
solids in the different sample collection days but not the 
relative proportions (% of sample and % removal). 
The presettler effluent particle characteristics shown on 
Table 6-14 presents negative values for the % removal 
efficiency. They are due to the recorded variation of type 
between MOA, and MP and OP at high numbers. This is not 
significant for the overall analysis given the number of 
samples involved. 
Average values should be taken cautiously for the slow sand 
filtration stage (Table 6-16), given that the individual 
efficiency values are strictly representative of the state 
of the filter run. 
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The mean values calculated for each treatment stage have 
been consolidated into Table 6-17 for comparison. For each 
particulate type the Mn decreases with subsequent treatment 
stages and is consistent with the effect demonstrated in 
Section 6.4.2.1., where bigger particles are removed to a 
greater extent than small particles. The size dispersion 
is reduced accordingly as defined by the diminishing values 
of the geometric standard deviation, Q,,. The percentage 
removals are consistent throughout each stage and type of 
particulate matter, yielding a lack of significant change 
in sample proportion. (A minor discrepancy is observed 
between the agglomerates and the organic particles). The 
proportion of mineral particles remains constant at 12-14% 
from the raw water source to the effluent of the VRF (it 
does not change either after the SSF stage, 11%). Removal 
efficiency in the size range studied does not appear to be 
a sole function of the type of particulate matter. Compare 
also with Table 6-18 which shows total particle analysis 
values. 
Figures 6-27 and 6-28 show graphically the removal process 
analyzed on Table 6-17. For the TVP bar charts, no values 
smaller than 1 i1/l are presented so the low count can only 
be appreciated from the PN bar charts. 
If the water source has a relatively high content of 
organic particulates this will be proportionately retained 
in the roughing filtration stage with implications for the 
operation and maintenance. In this case the organic 
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particles amounted on average to 34 of the total volume and 
90% is removed by the VRF throughout the wet season. A 
substantial amount of the deposits in the roughing filters 
is therefore organic in nature. 
6 
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TABLE 6-13: Particle characteristics of the raw water source. Water Treatment plant of Azpitia; evaluation period January - March 1986 (wet season) 
Date Mineral Particulates 
Mn Qn PN TVP LPN %TVP 
um x 1000/ml ul/1 
11.01.86 2.53 1.86 1533 221.90 15.98 13.16 16.01.86 2.49 1.89 5986 801.08 11.85 8.10 
23.01.86 2.64 1.97 3094 587.94 14.30 7.47 
04.02.86 2.31 1.82 2426 322.01 16.82 7.05 
11.02.86 2.59 1.88 523 144.50 13.66 26.24 
22.02.86 2.15 1.60 421 13.53 11.26 3.98 
28.02.86 2.34 1.69 1380 85.19 13.32 4.25 
05.03.86 2.14 1.56 930 23.56 8.67 1.03 
10.03.86 2.02 1.54 494 11.02 10.38 6.11 
18.03.86 2.14 1.70 203 9.06 6.14 
. 47 
M0ean 2.34 1.75 1699 221.98 12.24 7.79 
Date Mineral 41 and Organic Aglomerates 
Mn CL PN TVP %PN %TVP 
Fm 
11.01.86 2.88 2.13 1780 1134.35 18.56 67.26 
16.01.86 2.51 2.02 8455 4986.43 16.73 50.41 
23.01.86 3.17 2.22 5216 3942.64 24.11 50.12 
04.02.86 2.89 2.16 2484 2336.14 17.22 51.17 
11.02.86 2.46 1.97 864 171.29 22.58 31.10 
22.02.86 3.11 1.99 632 163.57 16.89 48.13 
28.02.86 6.92 1.85 799 1764.27 7.71 88.06 
05.03.86 4.10 2.12 944 1305.10 8.81 56.92 
10.03.86 4.64 1.87 240 92.16 5.04 51.08 
18.03.86 4.12 2.54 901 1658.39 27.19 86.58 
Mean 3.68 2.09 2232 1755.44 16.49 58.08 
Date Organic Particulates 
Mn Gn PN TVP %PN %TVP 
µm x 1000/ml p1/1 
11.01.86 2.14 1.64 6276 330.35 65.45 19.59 
16.01.86 2.31 1.77 36088 4104.01 71.42 41.49 
23.01.86 2.67 2.05 13322 3336.08 61.58 42.41 
04.02.86 2.26 1.80 9516 1907.68 65.96 41.78 
11.02.86 2.36 1.78 2441 234.90 63.76 42.66 
22.02.86 2.03 1.64 2688 162.73 71.84 47.89 
28.02.86 1.86 1.48 8179 154.06 78.96 7.69 
05.03.86 1.86 1.52 8848 964.02 82.52 42.05 
10.03.86 1.81 1.46 4024 77.26 84.58 42.82 
18.03.86 2.02 1.69 2208 248.08 66.67 12.95 
Mean 2.13 1.68 9359 1151.92 71.28 34.13 
M = Geometric mean size by number n 
cn = Geometric standard deviation 
PN Particle number 
TVP = Total vol ume of particles 
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TABLE 6-14: Particle characteristics of the effluent of the Pre- 
settler. Water treatment plant of Azpitia; 
evaluation period January - March 1986 (wet season). 
Date Mineral Particulates 
M PN TVP 
Nm x 1000/ml p1/1 
% PN 
sample removed 
% TVP 
sample removed 
11.01.86 
16.01.86 2.51 1.88 4358 746.93 11.24 27 17.16 7 
23.01.86 2.62 1.87 3022 374.62 15.56 2 12.69 36 
04.02.86 2.59 1.93 2237 357.63 15.10 8 24.14 -11 
11.02.86 2.49 1.82 697 62.18 12.66 -33 11.93 57 
22.02.86 2.19 1.60 96 4.71 11.56 77 2.99 65 
28.02.86 2.24 1.56 1104 29.32 10.70 20 5.29 66 
05.03.86 1.98 1.49 1017 16.63 10.14 -9 1.24 29 
10.03.86 2.73 1.51 952 43.20 23.39 -93 16.05 -292 
18.03.86 2.60 1.25 392 2.47 11.59 -93 . 62 73 
Mean 2.33 1.66 1542 181.96 13.55 -10 10.23 3 
Date Mineral and Organic Agglomerates 
Mý PN TVP % PN % TVP 
pm x 1000/ml Y1/1 sample removed sample remove 
11.01.86 
16.01.86 2.52 1.95 6683 1234.65 17.23 21 28.37 75 
23.01.86 3.11 2.17 3254 1143.78 16.75 38 38.73 71 
04.02.86 2.72 2.03 2586 617.40 17.45 -4 41.68 74 
11.02.86 2.51 1.98 1046 241.69 19.00 -21 46.36 -41 
22.02.86 4.28 2.28 94 139.76 11.38 85 88.89 15 
28.02.86 4.81 1.99 479 282.62 4.65 40 51.01 84 
05.03.86 4.98 1.90 712 1163.60 7.10 25 86.47 11 
10.03.86 5.39 1.98 160 174.81 3.93 33 64.96 -90 
18.03.86 4.83 1.78 494 317.31 14.59 45 80.06 81 
Mean 3.91 2.00 1723 590.62 12.45 29 58.50 31 
Date Organic Particulates 
M" PN TVP % PN % TVP 
um x 1000/ml ul/l sample removed sample removed 
11.01.86 
16.01.86 2.29 1.70 27748 2370.80 71.54 23 54.47 42 
23.01.86 Z. 32 1.83 13148 1434.81 67.69 1 48.58 57 
04.02.86 2.13 1.68 9995 506.28 67.45 -5 34.18 73 
11.02.86 2.27 1.74 3763 217.42 68.34 -54 41.71 7 
22.02.86 1.87 1.49 639 12.76 77.06 76 8.12 92 
28.02.86 1.89 1.53 8731 242.06 84.65 -7 43.69 -57 
05.03.86 1.86 1.49 8295 165.46 82.75 6 12.30 83 
10.03.86 1.67 1.38 2956 51.10 72.68 27 18.99 34 
18.03.86 1.80 1.50 2499 76.57 73.82 -13 19.32 69 
Mean 2.01 1.59 8642 564.14 74.00 6 31.26 45 
Mn = Geometric mean size by number 
Qn Geometric standard deviation 
PN = Particle number 
TVP = Total volume of particles 
sample percentage of sample 
removed percentage removed in the treatment stage 
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TABLE 6-15: Particle characteristics of the effluent of the Vertical Roughing Filter. Water treatment plant of Azpitia, evaluation period January - March 1986 (wet season). 
Date Mineral Particulates 
A. cr 
 PN TVP Nm x 1000/ml pl/l 
% PN $ TVP 
sample removed sample removed 
11.01.86 2.17 1.56 399 
16.01.86 2.11 1.62 2223 
23.01.86 2.16 1.64 189 
04.02.86 1.97 1.51 163 
11.02.86 2.16 1.53 118 
22.02.86 1.95 1.50 19 
28.02.86 1.98 1.56 523 
05.03.86 2.00 1.66 45 
10.03.86 2.02 1.50 103 
18.03.86 1.61 1.27 52 
Mean 2.01 1.53 383 
11.56 34.72 29.77 
77.61 12.25 49 12.08 90 
7.36 11.67 94 14.13 98 
3.11 10.74 93 12.61 99 
2.41 10.83 83 12.35 96 
. 29 6.88 80 5.75 94 13.58 11.92 53 8.64 54 
3.44 9.66 96 26.49 79 
1.78 9.20 89 6.46 96 
. 35 6.17 87 4.53 86 
12.15 12.40 80 13.28 88 
Date Mineral and Organic Agglomerates 
M" O PN TVP % PN $ TVP 
pm x 1000/ml pi/l 
sample removed sample removed 
11.01.86 5.65 2.23 20 16.97 1.71 43.68 
16.01.86 2.54 1.71 3530 230.47 19.46 47 35.88 81 
23.01.86 2.04 1.62 469 16.80 28.99 86 32.24 99 
04.02.86 2.03 1.55 215 5.25 14.19 92 21.29 99 
11.02.86 3.05 1.71 32 4.35 2.94 97 22.34 98 
22.02.86 3.74 1.87 13 2.10 4.76 86 41.10 98 
28.02.86 5.72 1.72 203 114.00 4.64 58 72.54 60 
05.03.86 3.92 1.32 29 2.90 6.23 96 22.29 100 
10.03.86 3.99 1.81 33 15.57 2.98 79 56.47 91 
18.03.86 3.61 1.35 32 2.41 3.77 94 31.39 99 
Mean 3.63 1.69 458 41.08 8.97 82 37.9 92 
Date Organic Particulates 
M Cr. PN TVP % PN % TVP 
Nn, x 1000/ml pl/1 
sample removed sample removed 
11.01.86 1.88 1.46 730 10.31 63.57 26.55 
16.01.86 '2.14 1.57 13845 396.59 76.30 50 61.74 83 
23.01.86 2.11 1.56 1106 28.43 68.31 92 54.57 98 
04.02.86 1.90 1.46 1138 16.29 75.07 89 66.10 97 
11.02.86 1.85 1.44 937 12.72 86.23 75 65.31 94 
22.02.86 1.77 1.40 243 2.71 88.36 62 53.15 79 
28.02.86 1.66 1.32 3661 29.57 83.44 58 18.82 88 
05.03.86 1.69 1.37 392 6.66 84.11 95 51.22 96 
10.03.86 1.71 1.36 985 10.22 87.82 67 37.06 80 
18.03.86 1.60 1.26 763 4.93 90.05 69 64.07 94 
Mean 1.83 1.42 2380 51.84 80.33 73 49.86 
90 
M Geometric mean size by number 
(f Geometric standard deviation 
PN = Particle number 
TVP = Total volume of particles 
sample = percentage of sample 
removed = percentage removed in the treatment stage 
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TABLE 6-16: Particle characteristics of the effluent of the Slow 
Sand Filters. Water treatment plant of Azpitia; 
evaluation period January - March 1986 (wet season) 
Date Mineral Particulates 
M" Cr., PN TVP $ PN $ TVP 
Nm x 1000/ml IJL/1 
sample removed sample removed 
11.01.86 
16.01.86 1.95 1.50 167 3.12 8.91 92 31 8 96 23.01.81 1.79 1.42 62 
. 73 14.68 67 
. 17.35 90 04.02.87 1.86 1.45 86 1.15 7.29 47 5.79 63 11.02.81 
22.02.86 2.29 1.82 3 
. 07 20.00 85 24.12 77 28.02.86 1.50 
. 00 1 . 00 5.88 100 . 50 100 05.03.86 2.29 1.63 3 
. 07 1.36 94 4.44 98 10.03.86 1.50 1.00 33 
. 01 15.38 97 1.46 99 18.03.86 1.50 1.00 4 
. 01 12.00 92 1.30 96 
Mean 1.84 1.23 41 
. 65 10.69 84 7.91 90 
Date Mineral and Organic Agglomerates 
PN TVP $ PN $ TVP 
Pm x 1000/ml Ul/1 
sample removed sample removed 
11.01.86 
16.01.86 2.18 1.61 350 12.25 18.67 90 32.60 95 
23.01.81 1.75 1.39 138 1.44 32.42 71 34.39 91 
04.02.87 1.89 1.46 176 2.49 14.96 18 12.52 53 
11.02.81 
22.02.86 2.83 1.53 6 . 19 40.00 56 68.84 91 
28.02.86 2.77 2.17 6 . 68 23.53 97 70.02 99 
05.03.86 3.90 1.33 5 . 49 2.37 83 32.56 83 
10.03.86 2.24 2.24 6 . 63 30.77 83 93.43 96 
18.03.86 2.71 1.85 10 . 81 28.00 68 71.93 66 
Mean 2.53 1.70 87 2.37 23.84 71 52.04 84 
Date Organic Particulates 
U PN TVP $ PN $ TVP 
pm x 1000/ml pl/l 
sample removed sample removed 
11.01.86 
16.01.86 1.95 1.48 1358 22.21 72.42 90 59.09 94 
23.01.81 1.99 1.35 225 2.02 52.90 80 48.26 93 
04.02.87 2.04 1.50 914 16.23 77.75 20 81.69 0 
11.02.81 
22.02.86 1.50 1.00 6 . 02 40.00 
98 7.04 99 
28.02.86 1.99 . 52 
17 . 29 70.59 
100 29.48 99 
05.03.86 1.54 1.16 206 . 95 96.27 
47 63.00 86 
10.03.86 1.50 1.00 10 . 03 53.85 
99 5.11 100 
18.03.86 1.88 1.47 22 . 30 60.00 
97 26.77 94 
Mean 1.76 1.31 345 5.26 65.47 79 40.05 83 
M = Geometric mean size by number n Q'n = Geometric standard deviation 
PN = Particle number 
TVP = Total volume of part icles 
sample = perc entage of sample 
removed = perc entage rem oved in the treatment stage 
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TABLE 6-17: Particle characteristics in the different stages of treatment in the water treatment plant of Azpitia. 
Average values of the evaluation period January - March 1986 (wet season). 
Particle Parameter RAW SED VRF PSSF 
Mineral Particulates Rn, (pm) 2.3 2.3 2.0 1.8 
Qn 1.75 1.66 1.53 1.23 
PN: Part. x 1000/ml 1699 1542 383 41 
% Sample 12 14 12 11 
% Removed -10 80 84 
TVP: pl/l 222.0 182.0 12.2 0.7 
% Sample 8 10 13 8 
% Removed 3 88 90 
Mineral and Organic 
Aalomerates Mn (Nm) 3.7 3.9 3.6 2.5 
On 2.09 2.00 1.69 1.70 
PN: Part. x 1000/ml 2232 1723 458 87 
% Sample 17 12 9 24 
% Removed 29 82 71 
TVP: p1/l 1755.4 590.6 41.1 2.4 
% Sample 58 59 38 52 
% Removed 31 92 84 
Organic Particles Mn, (pm) 2.1 2.0 1.8 1.8 
Qn 1.68 1.59 1.42 1.31 
PN: Part, x 1000/ml 9359 8642 2380 345 
% Sample 71 74 80 65 
% Removed 6 73 79 
TVP: pl/l 1151.9 564.1 51.8 5.3 
% Sample 34 31 50 40 
% Removed 45 90 83 
Note: Mn = geometric mean size on a number basis, pm 
Qn= geometric standard deviation 
PN = Particle Number 
TVP = Total Volume of Particles 
% Sample =% ratio of particle type to the total 
in sample 
% Removed =% of particle type removed in the treatment stage 
RAW = raw water source 
SED - presettler 
VRF = verticle roughing filter 
PSSF = projected sand filter 
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6.5 DISCUSSION 
The Microscopy Technique 
The particle size distribution and particulate composition 
in the water sources plays a vital role in roughing 
filtration technology. The microscopy technique has proven 
a valuable tool in the simultaneous assessment of both 
parameters. It has been demonstrated that the technique 
can assist in the characterisation of raw water sources, 
and has proven useful in the evaluation of operation 
performance. 
The experience has shown that even qualified personnel can 
have difficulty identifying every particle type, specially 
in the smallest range suggested in the thesis, (1-2 jim). 
For a method at a stage of implementation it would have 
been desirable to perform organic matter determinations by 
alternative standard methods for comparative purposes. The 
process is time consuming (approximately 1 hour per 
sample). Furthermore, the quantification of particles 
relies on extrapolations from a portion of the sample, and 
the determination of volumes are based on calculations 
derived from linear observations. Nevertheless, the author 
estimates that the qualitative assessment of the different 
types of particulate matter coupled to particle size 
distribution offsets the inaccuracies expressed. The cost 
of the analysis is low and the technique is versatile (the 
analysis for Azpitia were entirely conducted in the rural 
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community). 
Particle counting and sizing equipment, coupled to chemical 
or physical analysis for the determination of organic 
matter are an alternative to the microscopy technique. 
This is however an expensive alternative, well beyond the 
possibilities of many regions in developing countries. The 
microscopy method on the other hand can be implemented 
using equipment and materials found in basically equipped 
health establishments. 
Particle Size 
It has been demonstrated that the particle size 
distribution is modified by the roughing filtration 
process. In the case of Azpitia the effluent of the 
presettler (1.5 hours theoretical detention time) has on 
average a Mn of 2.2 pm and 0 of 1.73, whilst the VRF 
effluent has an average of Mn of 1.9 pm and 6 of 1.5. A 
smaller geometric mean size and a smaller dispersion. 
Besides, on average 98% of the effluent particles are 
smaller than 5 im. 
As discussed in Chapter 3, there is a trend to promote 
higher slow sand filtration velocities with the argument 
that filtrate quality does not deteriorate significantly. 
Furthermore, with the development of roughing filtration 
technology, the temptation exists of increasing SSF 
filtration velocities given the improved influent water 
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quality to it. With the evidence gathered, it is suggested 
that increasing filtration rates could enable small 
particles to penetrate deeper into the SSF beds, requiring 
deeper skimming. 
Particulate Organic Matter 
A brief explanation of the reason for the presence of 
organic matter follows. 
The term rainy season applies to the months of January to 
March and to the highland river catchment basin. Azpitia 
lies in the desertic coastal plain where there is 
negligible rainfall throughout the year. These months of 
January to March coincide with the southern hemisphere 
summer, and temperatures in the coast can be as high as 
30°c. 
The characteristics of the particulate matter in suspension 
are dependent both on the conditions in the catchment 
basin, and on terrain and flow conditions in the coastal 
plain and irrigation canal. As can be seen in Plate 6-111, 
during the dry season (April to December) the River Mala 
has a reduced flow resembling a stream. The course of the 
river in the coastal plain is colonised both by vegetation 
and/or used by neighbouring settlers as supplementary crop 
- 314 - 
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PLATE 6-111. COURSE OF THE RIVER MALA, SOURCE OF THE IRRIGATION 
CANAL OF AZPITIA, LIMA - PERU. 
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growing areas. Furthermore, the irrigation canal which 
runs along the contours of the rocky hillside is 
permanently colonised by vegetation. During the highland 
wet season the increased water flow in the plain floods the 
entire course carrying organic debris. The same applies to 
the irrigation canal. These factors could account for the 
difference in organic matter particulates during the dry 
and wet seasons. 
It is reasonable to suggest that the organic matter in raw 
water sources encountered in the water supply of Azpitia 
and to a lesser degree in the Test Rig of Atarjea are not 
unique cases. It is therefore important to consider 
organic matter and their effects as they will influence the 
fundamental mechanisms of filtration and potentially the 
overall performance. 
Where organic matter exists in the raw water source, it 
will be proportionally removed by the roughing filtration 
stage, and will enhance and promote biological activity 
within the filter. The detritus food chain, the basis for 
the development of productive organic films in slow sand 
filters has been discussed by Lloyd (1974) and is presented 
schematically in Figure 6-29. The dissolved nutrients and 
particulate organic matter are interrelated by 
decomposition and adsorption processes. When adsorbed or 
settled on to a substrate they support the production of 
bacteria and the development of the zoogloeal films derived 
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decomposition 
DISSOLVED 
NUTRIENTS adsorption 
JPARTICULATE 
ORGANICS 
SAND SUBSTRATE 
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BACTERIAL 
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BACTERIOVORES & 
DETRITOVORES 
adsorption & 
settlement 
FIGURE 6-29: The primary production and consumption processes 
of the heterotrophic zone of slow sand filters. 
Source: Lloyd (1974). 
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from intense biological activity. This phenomenon may be 
transferred to the extensive removal of organic particulate 
matter by the roughing filters. The evidence presented in 
this Chapter can be interpreted as organic removal 
contributing to the development of biological activity in 
the roughing filter bed. 
This was supported by the findings of a preliminary 
assessment of the diversity of microorganisms present in 
the different treatment stages of Azpitia conducted during 
March and April of 1985 and reported by Perez et al (1985). 
The results are presented in Figure 6-30. It can be seen 
that the greatest variety occurs in the first stage of the 
VRF, decreasing towards the third treatment stage. The 
absence of ciliates in the effluent of the 3rd stage would 
indicate insufficient penetration and inefficient 
colonisation of the PSSF. Desmids and Amoebas were 
reported only in the 1st VRF stage, and Bacteria in 
diminishing concentration as treatment progressed. The 
same pattern was followed by other life forms like Larvae 
and Molluscs. Removal of Faecal Coliform indicator 
bacteria during the same period was consistent with this 
pattern as shown in Table 6-19. Extended biological 
activity in the roughing filtration stages could lead to 
retarded maturation of slow sand filters. 
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FIGURE 6-30: Groups of organisms present in the outlet of each stage of the VRF and the SSF. 
Azpitia: Apr - May '85. 
TABLE 6-19: Faecal Coliform removal efficiency in the different 
'stages of the water treatment plant of Azpitia. 
Evaluation period March - April 1985. Source Perez 
et. al. (1986). 
Vertical Roughing 
Abstrac- Filter Slow 
tion Sand 
1st 2nd 3rd Filter 
Stage Stage Stage 
F. Coli count/100ml 3330 
(arithmetic mean) (3) 
Removal 
efficiency ($) 
Cumulative 
removal 
efficiency ($) 
680 330 
(4) (4) 
79.3 51.4 
250 19 
(2) (4) 
24.2 92.4 
92.49 99.4 
()= number of samples 
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Monitoring of dissolved oxygen conducted in October 1989 in 
the VRF of Azpitia showed the following results: 
Stage Temp Dissolved pH 
effluent (°c) oxygen 
(mg/1) 
presettler 15 9.6 8.3 
VRF-lst 15 8.6 8.2 
(dg=25-50mm) 
VRF-2nd 15 8.2 8.0 
(dg=12-25mm) 
VRF-3rd 15 7.8 8.0 
(dg=6-12mm) 
(Source: DelAgua - Peru, October 1989, personal communication) 
The results show the oxygen consumption at each VRF stage, 
a consequence of organic matter degradation which in turn 
is reflected in the decrease of pH (release of C02). 
The biological activity can have two effects, the first one 
is the enhancement of capture and removal processes in the 
filter bed; the second effect can be the consolidation of 
the deposits of solids in the filter bed by zoogloeal 
films. These two effects could explain the increase in the 
magnitude of the filter coefficient, A, with time 
(discussed in Section 6.4.2. ). This effect was disregarded 
by Wegelin et. al. (1987) given that the phenomenon was not 
observed during the experiences using a mineral suspension 
made out of Kaolin (see Figure 6-16). According to Wegelin 
(1989) the stability of solids deposits once removed is 
controlled by the stability of the resting angles of the 
heaps of loose agglomerates. Biological slimes 
(a 
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consequence of organic matter deposits and biological 
activity) can enhance the cohesion between particulates and 
allow these heaps of solids more time before reaching 
unstable conditions. This longer period of time brings 
also consolidation of the deposits (Rich, 1961). A direct 
consequence are longer filter runs with no deterioration 
of effluent quality. 
Critical design and 0+M parameters for HRF were developed 
by Wegelin (1986) using the data produced with the mineral 
particle suspension. There is evidence to suggest that in 
the presence of organic matter and enhanced biological 
activity inside the roughing filters, some parameters 
should be reviewed. They include: 
* The filter load, 0--,, of 10 g/1 as a limiting factor 
for filter run length appears conservative. This is 
corroborated by field experience. 
On the other hand, the cleaning of the filters present 
engineers with a completely opposite view. The hydraulic 
cleaning of the filter beds has been demonstrated to be 
inefficient by all the field experience available. It is 
difficult to dislodge the deposits of solids consolidated 
after protracted filter runs. This could well be in part 
a function of biological activity effects as suggested by 
the decaying organic matter smell in the underdrains in 
Azpitia and Cocharcas and the information presented in this 
Chapter. 
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* This could also suggest the need of additional 
parameters to complement the filter load coefficient for 
the operation of roughing filters, given the different 
behaviour of dense matter and porous and voided particulate 
matter. 
* The interruption of the filtration process and 
operation of the plant (a common feature in small community 
supplies) can prove serious because of death of micro- 
organisms and decay of organic matter. 
The evidence presented demonstrates that careful assessment 
of raw water characteristics is vitally needed for RF 
project planning. It is clear that the treatment plant of 
Azpitia has been confronted with a raw water source which 
presents a high proportion of small range (<5 um) 
particles, and the assessment of its performance efficiency 
has to take this into consideration. With regards to 
organic particulate matter identified, these are both 
potential benefits and limitations that this factor could 
present. Biological activity derived from the organic 
presence should enhance the removal efficiency of 
particulates and bacteria. The operation and maintenance 
of roughing filters however will have to be closely 
reassessed. 
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CHAPTER 7 
GENERAL DISCUSSION AND CONCLUSIONS 
7.1 GENERAL DISCUSSION 
7.1.1 Fulfilment of the Objectives. 
The General Objective of the Work. 
Chapters 2 and 3 of the thesis have discussed the 
requirements of SSF technology both as a unit process and 
for its field application. A pretreatment stage which 
protects the SSF from seasonally high solids loadings will 
guarantee the required continuity of the process. An 
option for roughing filtration technology has been 
forwarded. However it has also been postulated that in 
part the problems of SSF plants in small communities of 
developing countries are derived from an incomplete 
understanding of all the aspects of the technological 
transfer process. Positive aspects such as the 
requirements for local skills and materials for 
construction and the lack of mechanical equipment have been 
considered more important than the difficulties of 
operation and maintenance. Such an incomplete approach 
should not be repeated now that an effective pretreatment 
stage is to be added to SSF plants. The operation and 
maintenance of the pretreatment stage should be simple and 
of the same technological level as the SSF process. 
In 
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summary, roughing filtration technology, if implemented, 
should undergo a stage of adaptation to the local field 
conditions. The mechanisms affecting the adaptation of a 
technology should be carefully considered. The approach 
adopted in Peru is a useful example of an adequately staged 
technological transfer process. 
In a study into the factors affecting the transfer of 
technology, Professor W. Gruber of MIT (1969) defined 
technical advance as an increase in the level of technical 
knowledge and/or an increase in its use. The technical 
advance model of Gruber (1969) has been used to represent 
the process of innovation and implementation of Roughing 
Filtration Technology in Peru (see Figure 7-1). Since the 
beginning of the 1980's a perceived need existed in Peru 
for the recuperation of small community SSF technology 
(CEPIS, 1981; Canepa, 1982). Research and development 
stages of the RF programme ran parallel to the evidence 
produced by the Peruvian Water Surveillance Programme as 
discussed in Chapter 2. The 4 prototype RF units described 
in detail in the thesis are the basis of the innovation 
process. 
It can be categorically stated that a significant advance 
in small community water treatment technology, and 
its use, 
has been achieved, and that RF technology is pivotal to 
this development. A new strategic approach to treatment in 
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small communities has been adopted, and scientists, 
engineers and planners who have participated in the process 
are now active in further research and development. 
Systems are being rehabilitated and improved design 
concepts adopted for new construction projects. 
The continuing efforts of R and D in Peru and other 
developing countries sustain expectations that further 
technological advance will flow from this technological 
activity. The vital stage of adaptation of technology is 
underway. This active R and D suggests that the poor SSF 
experience of the past will not be repeated and that RF 
will be adapted before its deployment at national level. 
The broad aim of contributing to the recuperation of water 
treatment technology for community supplies has been 
fulfilled. 
Postulated Capabilities of Roughing Filtration Technology: 
protection; simple operation and maintenance; performance 
in a variety of environments. 
Protection 
The evaluation programme has demonstrated that RF units 
will enhance the operation of SSF in small community 
supplies, and that once continuity of the treatment process 
is guaranteed, SSF will deliver water of an acceptable 
quality. 
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Two things should however be noted. Terminal disinfection 
is required given that it has not been possible to 
guarantee faecal-indicator free effluents in the great 
majority of sampling occasions. Secondly, the training and 
continued supervision required should not be 
underestimated. Adequate technology has to be combined 
with good operation practices to have a good chance of 
success. 
The evidence recorded during the evaluation programmes 
showed that the effluents of RF units were not permanently 
meeting the design criteria of suspended solids 
concentration. Conditions in raw water sources were 
extremely variable. RF and SSF are designed to perform 
within pre-set design ranges. This is probably unavoidable 
and desirable for small community supplies. Furthermore, 
it is uneconomic to design for every raw water range of 
suspended solids concentration. On the other hand the 
units were operating below efficient suspended solids 
ranges for protracted periods. In general, for Peru, the 
rainy season lasts only 4 months of the year and in 
highland conditions and small streams where HRF schemes 
were tested, the rainy season only produced occasional hour 
long peaks of solids concentration in the sources. The 
extreme peaks will however block an unprotected SSF, so the 
requirement for a pre-treatment stage stands. 
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Simple Operation and Maintenance 
Two aspects are usually regarded as predominant in filter 
operation and maintenance: filter resistance development, 
and cleaning. None of the RFs evaluated showed a 
development in filter resistance. It should be said 
however that the gravel fractions used were large (ranging 
from 50 to 4mm), and the velocities were kept below 1 m/h. 
As mentioned earlier, once set RF present little 
operational requirements. The discussion will therefore 
concentrate on the filter cleaning operation. 
It has been proposed that RF structures should be cleaned 
by hydraulic discharge in order to avoid the excavation of 
the gravel beds. The first design of a hydraulic cleaning 
mechanism (Azpitia-VRF) relied entirely upon the high 
initial drainage velocity (1.5 m/min) generated by an 
adequately sized fast opening gate connected to a single 
concrete underdrainage channel. The efficiency of deposits 
removed was low (less than 20%). It was subsequently 
postulated that additionally an increased volume of wash 
water was required in order to dislodge the deposits from 
the gravel beds. Pilot plant tests demonstrated that 
volumes of water of the order of 1 to 1.5 m3 per m2 of 
filter bed coupled to initial velocities of 1.0 to 1.5 
m/min would render efficiencies of 60-80% in the removal of 
deposits. The conclusions were extrapolated to HRF design. 
The increased volumes of water were achieved by lowering 
- 328 - 
dividing walls, inundating the entire structure, and 
allowing the supernatant to drain into one unit during the 
drainage operation. 
Evaluation results showed efficiencies of 40% in the 
removal of deposits. (Additional evidence suggests that 
this value was over estimated given the uneven distribution 
of solids deposits in the gravel beds. ) 
An interpretation of the wash-water solids concentration 
patterns with time has also suggested that the solids are 
being predominantly removed from the bottom of the 
structure, near the underdrains, and not efficiently 
dragged from all the filter bed. Visual observations 
during the gravel bed excavation process have demonstrated 
the increased accumulation of solids in the filter bottom. 
This has also been suggested by other authors, explaining 
it as the consequence of the constant downward drift of 
destabilised deposits (Wegelin, 1986). 
An additional factor in the experienced difficulty to clean 
the gravel beds is the consolidation of solids deposits. 
Two main variables appear to be contributing to this 
effect: the biological activity in the gravel beds and the 
protracted filter runs (months to years). 
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There are two sources of evidence for the biological 
activity development. The characteristic decaying organic 
matter smell perceived in the underdrains after the 
cleaning operations of the HRF plants of Azpitia, Cocharcas 
and La Cuesta, and the second source comes from the 
particle analysis determinations presented in Chapter 6. 
It can be concluded that the hydraulic cleaning approach 
adopted for HRF in this work by increasing the wash water 
volume and generating high initial drainage velocities has 
complicated the designs and the maintenance procedures. 
This approach is not justified given the results obtained 
to date. The construction has been complicated 
(supernatant capability, big fast opening drainage gates, 
and drainage canals), and so has the operation (disposal of 
high wash water volumes, and the impossibility to stop 
drainage once started because of the velocities involved). 
Large gravel filters with interconnecting walls such as 
those of HRF are inappropriate for this mechanism. The VRF 
at Azpitia however has been operating satisfactorily for 5 
years since 1985 with this regularly performed improved 
cleaning operation. This evidence would suggest that its 
use is more appropriate for small confined beds. 
Nevertheless, even for the case of confined VRF beds 
alternative operations could be reviewed. 
In summary, additional variables such as the consolidation 
effect of biological activity due to particulate organic 
matter deposits and protracted filter runs should 
be 
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considered whilst designing a hydraulic cleaning mechanism 
for RF. If the solids drift action is demonstrated 
hydraulic cleaning operations could concentrate on the 
removal of bottom deposits and the enhancement of the drift 
(through a distributed and efficient underdrainage system), 
both simultaneously performed at an optimised frequency of 
cleaning to avoid consolidation. 
Performance in a variety of environments 
The roughing filter installations were confronted with 
three differing sets of conditions: - the nature of the 
projects (new or rehabilitation), the geographic and socio- 
cultural conditions, and the raw water quality 
characteristics of the sources. 
The VRF was constructed as part of a new water supply 
project whilst the HRF schemes were part of rehabilitation 
interventions. This factor has implications in the 
attitudes of the recipient communities towards the water 
supplies as discussed in Chapters 4 and 5. No specific 
reaction has been noted with regard to the 
type of RF 
technology used. Both HRF and VRF technologies are 
suitable for rehabilitation and new construction projects, 
and the option for one or the other should 
be based on 
other considerations. 
The second set of conditions is 
based on the geographic 
location and socio-cultural background of 
the recipient 
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communities. Whilst Azpitia (VRF installation) lies in the 
coastal area of Peru, Cocharcas, La Cuesta and Compin (HRF 
installations) were all located in the highland Andean 
region. Although the 4 are agriculture-based communities, 
the distinct regions define socio-cultural and economic 
patterns of behaviour of the people. Again the author has 
noted no evidence to suggest that the use of HRF or VRF 
technologies should be excluded from either geographic 
location or socio-cultural background, as long as other 
fundamental design criteria are met. 
The third set of conditions has to do with the water 
quality of the sources. Two parameters are highlighted 
although it is recognised that this short list could be 
expanded. The first parameter is the content of 
particulate organic matter. Here besides the abundant 
information for the VRF installation (at Azpitia) there is 
only indirect evidence from Cocharcas and La Cuesta 
(decaying organic matter smell in underdrains), and 
observations of red clay deposits washed out during 
cleaning in Compin. 
The information available to this study makes it impossible 
to formulate definite conclusions but preliminary evidence 
suggest that biological activity is being promoted by 
organic deposits in the gravel beds. It is suggested by 
the author that the biological activity can contribute to 
the consolidation of solids, making the hydraulic cleaning 
operation more difficult whilst enhancing removal 
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efficiencies during the filter run. However, the extent to 
which totally inorganic deposits and deposits of 
particulate matter with organic contents differ in their 
behaviour, and the degree to which this will condition 
operation and maintenance procedures is an area for further 
research. 
The second relevant aspect of raw water quality has to do 
with the variable solids concentration regimes. The 
discussion focuses both on the magnitude of this 
concentration as well as on the duration of the episodes. 
Azpitia abstracts its water from a short fast flowing river 
originating in the Andean highlands. The community lies 
near the sea so the rainfall effect in the whole catchment 
basin is reflected in the main river at the point of 
abstraction. As a result days or weeks of continued high 
solids concentrations can be expected during the rainy 
season. In contrast the highland communities of Cocharcas, 
La Cuesta and Compin derive their water supplies from 
streams and small rivers with limited catchment basins. 
Even severe rainfall caused only instantaneous peak solids 
concentration responses of less than a few hours in 
duration. 
The RFs were at the time deployed with no consideration of 
the behaviour of the high solids concentration episodes. 
Limited data were available for Azpitia and Cocharcas, 
whilst the values were assumed for La Cuesta and Compin. 
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In each case the design parameters were based on the most 
unfavourable peak conditions expected. The VRF was coupled 
to a water source which by definition would require a RF 
with a big solids storage capacity, whilst the HRF units 
have only been subjected to short peaks of solids given the 
condition of the catchment areas. 
The solids concentration regimes of water sources have to 
be studied carefully prior to the installation of RF units 
given that they dictate to the design and operation and 
maintenance procedures. It is here suggested that HRF 
schemes should be coupled to sources with protracted high 
solids concentration regimes, whilst VRF technology should 
be used to cope with short episodes of high solids 
concentrations. However, there are other conditions which 
will determine the choice of one or other RF technology. 
It has recently been suggested by Galvis (1989) that fast 
velocity dynamic intake type filters can be designed to 
block extreme solids loadings in the source by using coarse 
sand or fine gravel in their surface (thus acting as 
"intelligent" abstraction devices). This is an interesting 
proposition which could protect the treatment systems 
from 
extreme conditions. 
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7.1.2 
a) 
Recommendations for future research 
Raw water characteristics. 
Huisman (1974) has stated that the degree and type of pre- 
treatment for SSF depends as much on the particle size 
distribution of the suspended matter in the raw water as on 
the total amounts of solids present. Wegelin (1986) has 
made similar observations when discussing design criteria 
for HRF units. The particle analysis study presented in 
this thesis has confirmed and expanded this appreciation. 
The state-of-the-art of the technology now suggests that a 
rational approach for design should include the 
characterisation of particulate matter in the raw water 
source and key parameters should include: 
- Concentration of suspended solids ; in terms of 
magnitude, frequency and duration of the episodes. 
- Particle size distributions. 
- Composition of particulate matter; mineral, organic, 
and agglomerates. 
Further comparative research is required to determine the 
extent to which these key parameters will affect: a) the 
type of RF system selected; b) the filter medium size and 
filtration velocities; and c) operation and maintenance 
requirements. 
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The aim should be to develop a simplified decision model, 
which could later be fed with a minimum of parameters and 
complemented with local experience, prior to the decisions 
on the type of RF to use and on its basic design criteria. 
Realistically small communities will not receive long term 
planning attention at the design stage and models of this 
type should provide a valuable tool. 
b) The role of biological activity in the roughing filter 
units. 
Further research is required into the degree to which 
particulate and dissolved organic matter contributes to the 
development of biological activity inside the roughing 
filter beds. 
A second component of research in this field should 
concentrate on the role that such biological activity plays 
in the RF process. Two important aspects are: the 
improvement in removal efficiency of particulate matter and 
micro-organisms; and the enhancement of cohesion of 
deposits. It has been suggested in the thesis that 
cohesion due to biological activity may enable longer 
filter runs by counteracting to a degree the effect that 
increased interstitial velocities have in the dislodgement 
of solids deposits as the filter run progresses. 
At the 
same time the cohesion due to the biological activity and 
the consolidation of deposits occuring 
during extended 
filter runs may make the hydraulic cleaning process 
more 
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difficult. The only option will then be manual excavation 
of the gravel beds. 
This research component would thus provide a more rational 
approach to maintenance procedures for RF technology. 
c) Hydraulic cleaning operation. 
Further research is required into key components of the 
hydraulic cleaning operation; they include: 
- critical drainage velocities 
- configuration of underdrainage systems 
- frequency of the operation. 
The state-of-the-art knowledge points towards the use of 
dispersed under-drainage systems in order to produce 
adequate drainage velocities throughout the entire bed and 
for the collection of bottom deposits (Galvis, 1989). 
It was postulated in Chapter 5 that if the drift of solids 
towards the bottom of the RF structures could be 
determined, an option for the hydraulic cleaning operation 
could contemplate the efficient removal of bottom deposits, 
and the enhancement of the drift of solids towards the base 
of the RF structures during the drainage process. This 
would have to be performed at regular intervals, so 
the 
complete drainage, specially in the case of HRF, would 
have 
to be avoided. This calls for drainage gates which allow 
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for closing during the operation. 
The parameters affecting the operation should include: 
- filter loads 
- cohesion of solid deposits 
- distribution of solid deposits 
- viscosity of bottom deposits 
and the variables of the process should include: 
discharge velocity 
volume of discharge water 
characteristics of the underdrainage system filter run length 
type of roughing filter 
filter medium size. 
7.2 CONCLUSIONS 
a) The development of a staged programme for the 
implementation of roughing filtration technology has 
laid the foundations for the recuperation of treatment 
technology for small and medium size community water 
supplies in Peru. Roughing filtration is now pivotal 
and integral in rehabilitation programmes and 
essential in new construction projects. However, key 
additional elements feature with roughing filtration 
in the new strategic approach to treatment in small 
communities; they include: 
* Continuous surveillance. 
* Protection of abstraction points and flow rate 
control. 
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* Refurbishment of slow sand filters and 
improvement of filter outlet structures. 
Rehabilitation of distribution systems. 
Training. 
To round-up this process the author would strongly 
recommend the inclusion of hygiene education 
programmes to maximise the impact of the 
interventions. 
b) The roughing filters have proven to be effective in 
the protection of slow sand filter plants operating 
during rainy seasons with high loads of suspended 
solids in the raw water sources. However the episodes 
of high solids concentrations in streams of the 
coastal plain and highland areas of Peru can be 
extremely variable, to a degree where it would be 
uneconomic to design roughing filter structures to 
cater for every condition. The incorporation of 
roughing filtration stages does not imply that 
operation requirements for SSF can be minimised. it 
does imply that if properly operated the SSF process 
can have the necessary continuity in order to perform 
efficiently as a biological process. 
c Hydraulic cleaning of roughing filters has 
been judged 
important by several authors as an alternative to 
manual excavation of the gravel 
beds (P6rez et. al, 
1984; Lloyd et. al., 1986; Wegelin, 1986; Pardon, 
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1987; and Galvis, 1987). 
To date there is no hydraulic cleaning mechanism for 
roughing filters known to the author which has proven 
efficient in the removal of solids deposits from the 
gravel beds. 
A technique which incorporates high cleaning 
velocities and large volumes of wash water has been 
used on a vertical roughing filter with small conf ined 
chambers which has been operating for 5 years since 
1985. Although the efficiency of the technique has 
not been conclusively tested, this preliminary 
evidence merits further research for its use in VRF 
type structures. 
The technique was subsequently adopted for 3 
horizontal roughing filters. Because of the big 
dimensions of HRF structures, the approach complicated 
the design, construction and maintenance. The results 
obtained to date do not justify the complication 
introduced to the process and it should not be used 
further for HRF. 
d) The particle analysis study has provided important 
information on two aspects: 
i) The relatively low removal efficiency of small 
range particles (1-2pm) in the roughing filters. 
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Deep penetration of small size particles into the 
SSF beds can occur calling for deep skimming 
practices. 
ii) The presence of organic particulate matter in raw 
water sources and its removal in the gravel 
filter beds has been demonstrated. It is 
postulated that the particulate organic matter 
deposits can promote biological activity in the 
gravel filter beds. The degree to which this 
biological activity will enhance the cohesion of 
solids deposits in the f ilter beds is an area for 
future research, but it is anticipated that it 
may have positive implications for the operation 
of roughing f ilters (longer f ilter runs, enhanced 
removal of particulates and micro-organisms) and 
negative implications for its maintenance 
(difficulties in cleaning by hydraulic 
discharge). 
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